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TECHNICAL NOTE NO, 982

THE' CHEMICAL ACTION OF OILS ON SINGLE CRYSTALS OF METALS .

By A."T. Gwathmey; H. Leidheiser, and G; P. Smith
"I, SUMMARY

The chemical action of oils on large single crystals of
metals "if the presence of various gases has been studied,
“with special empha51s placed on the 1nfluence of erystal
plane.f The studies primarily have been’ concerned with four
metele. silver ‘copper, lead, and iron; and four types of
6il¢ purs: hydrccarbons with mineral 0il as representative, .
oiiiness egente with stearic acid as representative, chemical
polishing agents with tricresyl phosphate as representative.
and commercial oils w1th new and used aviation oils as .Tep—-
resentatives. f_‘ _ . S o

‘It was fourd that the rates of all surfacée reactions,
which have been tested, vary with .crystal plane, although
this veriatiOn mav be obscured at high rates by the influence
of other factors suoh s diffusion., The reactions tested
include oxidation, etching and consequent roughening, ‘"ecardbon
formation, reerrangements due to gaseous cata1y81s, ‘erystal
growth electrolytic reactions such ‘a8 electrodeposition angd
galvanic action. Vetting in a few caees varies Klﬁh plane.l

:5' The methode ‘used in preparing large single chstals of
‘varicus metals are briefly discussed.

1T, INTRODUGTION .

The beneficial effect of some oils is due to their abil-
ity under certain conditions to attack mstals in varying de-
grees, while under other conditiomsg chemical attack, if car-
ried to extremes, cgan lead to corrcsion. rcuglaenang of the

surface, and ultimately to increased friction and wear. The
0il als0o mey. be unnegcessarily decpmwosed, - The’ chemical



2 TACA T ¥o. 282

action between metal and 0il, therefore, is one of the cru-
cially important’ factors.in; the subject of lubrication. It
uay mean success or failure to lubrica%ion ahd ~the machinery
which it serves. T

An ordinary metal surface &dneists of many different
tvres of structure, such a§ ¢ryetal faces, edges, corners,
and boundaries) and’ amorphous layers, The properties of a
surface.ere a composite of the properties. of. these individual
parts, and, in order to‘understand the behavior of a surface,
the proPertiee of these parts’ must be determined.

Since the number of atomse per unit area in a crystal
varies with face, many of the surface properties of a metal
would be expected to vary with face. In experiments carried
out preliminary to this investi ation, it was found that oils
in the presence of gir etched a singl'e crystal of copper pref-
erentiallv with crystal plane.. Both the rate of .etching and
the, degree of roughening varied with plare., It was signifi-
cant that chemical attack by the eame réagent could render
one, face. smooth &nd another rough, ' The striking appearance

.~ of these etch Patterns, due to the directional reactivisy of

~the cryetal seemed to offer s sensltive and relatively sim-
vple method of f'ollowing the course oT a reaction between a
llquid and a metal. .

: Therefore theé ‘chemicgl attack of oil on a metal surface
has . been studied with the gid, of large single crystals, spe-
cial emphasis-: belng placed on the irdfluence of the crystal

- plane. A eingle crystal, represents the unit of which.all

. metals are composed and serves asg an excellent meeting ground
for the correletion of the many, gpparently unrelated but im-
portant processes taking place oﬁ Lhe surface of a metal.
It is believed thati{ many of the nrocesses which are ,commonly
attributed to mechanical or physical causes have their origin
in chemical attack.

This investigation, conducted”at the School of Chemistry,
Univergity of Virginla, was sponscred by snd conducted with
the financial assistance of- the National Advisory Committee
for Aeronautics.

ros

i:px;- DESCfIPTlQN'DFfAPPAEQTUS AND METHOD OF EXPERIMENT

K
L]
?

AT, The method, in generaI .consists of studying the reac-
ition between oil and large aingle crystals of metals in the
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form of:spheres and polyhedra, the -surfaces of which are pre--
pared_parallel to known crystal -planes. The use of spheres
has:. the advantage. . in the-case of face-centered . .cubic metals
of having every possidble crystal plane appear parallel to the
surface in at least six points on the sphere, the (100) faces
appearing at six different points.

Sipce the single crystal method of studying gsurface re-
actions is. arrather. new one, some aspects of which have been
developed: in this investigation, the possibls.uses of this
methodrshould-be -hriefly described. "Processes which may be
studlied: by this.method are of importance- dirnctly or indi-
rectly to friction and- wear,: Lo :

tro21,:0One oi*the very.great difficulties: in studying. sur-
faces is dhesinability-to obtain surfaces. of -known configura-~
tionsin i An. plectrolytically polished surface along a known
crystal.plané i8:06ne -of -the nearest approaches to a known
surfacé,! - 0f ¢ourse,: no surface.is ¢completely smooth, and
impurities can never be compiletely removed; dbut it is an ap-
proach to a surface of known configuration.

2‘ The formation of‘faint etch patterns, which«may be -
easily seen, offers a-~surprisingly sensitive method of vis-
ually detecting very slight reagtions. Foér example, by using
a highly polished crystal sphere, reactions may easily be
detected when the weight l'oss -is: congiderably less thantl
milligram.t In:.magking..rapid exploratory tests, especially
with.9lls %o determine whether- reaction takes place‘ time
and effort may be sewed... : v . el o

* Co e I ;

Lo slnce most all: surface reactions have been found to
take place with rates whigh vary ‘with.the ¢xrystal plane,
probably the chief use of this method 1s the study of reac-
tions on.different:crystal planes.; :I%. is.most impressive to
examing:a.cPpper sphere-which has been given a particular
treatmeant . and-%0 £ind one.faece:unaffected -and another greatly
acted upoen:justias.if the two faces belong:to different metals,

In experiments involving etching, growth as in electro-
deposition, and rearrangements at high temperatures, the na-
ture and dégred 'of thée réactiodn csi be bbtained by miecro-
scopile examination. Also, in many cases whereg definite
facets are’ formed specular feflections may be obtained and
identified dy'a’ béam of ‘Tight directed ord the sphere.  Owing
to the symmetry of the crystals thé patternsg reneat themselves
a number of 'times on-the surface of the sphere. TFor example,
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there are eight octants in & sphere. and gight similar pat-
terns are b¥tdined,  These patterns not -only serve to ilden-
tify the’ particular crystal faces but also serve as a check.
one against the other, ’

* ¢ '

4,”8ince interfergnce colors are obtained from thin
films of'‘the order 'of 400 to 1300 angstrom units, these col-
ors may bBe used to study the variation in rate of formation'
and the rature of films, especielly oxide, formed on differ-
ent crystal "faces. - The.thickness of:these films also msy be
ehecked by measurement of the quaantity of plectricity re-
guired for the reduction of the oxide, using small dr0ps of
electrolyte on a particular crystal face.

5, Amorphous layere may be identified by the failure of
preferential ‘reactions to take place, and the thickneSs of. .
the layer may be determined by ‘the quantity of electricity
required in eleotrolytic etching to.remove this 1ayer. :The
point at which the layér is removed may be determined by the
appeearance of preferential patterns.

6,‘Slip 11nea the natuie and direction of. which vary
with crystal face, may hb used not ohly. to identify crystal.
direction but’:fo determinsg roughly ths amount .of strain to
which a - small section of metal 1N subjected in rudbdbing,

The formation and growth of crystal grains may be
studied by followling the behavidr " of ‘one or more crystals’ ..&K =
formed on a large single crystal which serves as a reference
backgtoundi,- In,electrodeposition the growth of nuclel vary
with plane.',The wear on metal surfaces.likewise may be
studied’ by ‘examining the scratch 'formed by rubbing one metal
against ‘a single crystal of andther. .

Pinally, various cOmbinations of the foregoing methods :
may be adopted for the etudy of maost surface phenomena,
physical and chemical, A complete reference nap may be L.
marked on the spherical surface for the identity of any re~ -
gion, T CoL oA : .

Growth of Grystals and Preparation of the Surfacelr

Large single crystals of 81lver and copper, 5/8 inch in:f
diameter and 6 inches long, were grown by lowering sloyly '
n.rielt of metal from An electrically heated ﬁo yhdenuline
wourd wzcuun furnace. (See reference 1, pp. 35=k2.)

4 copper crysial, 11 inches in diameéter, also was
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grown. -SilVer and copper were held in graphite crucibles .
p01nted at” the lower end. Nickel crystals were similarly
grown in- the form of a rod, "about 65/8 inch in diameter and

4 inches long, and ‘were" held in a graphite’ crucible lined ' -
with' magnesia cement to prevent the solution of carbon’ in

the - métal. Several large crystals were obtained in this rod.
Lead and’ zinc erystals were grown by lowering from a’ chromel
resistance’ furnace & melt sealed under a vacuum in a pyrex
glass tube, ©Since lead could not be machined without re-
crystallization into a polycrystalline mass, it was necessary
to grow- ‘the ‘lead: erystal in a small glass buldb with a small,
tubé'attached to furnish a handle for the crystaI In order
to prévent: le5d from: sticking t6 the glass vessel, it was
necésga’y’ td.goat the " glass with a thin film of carbon by

-flushing ‘Wwith mineral "oil and "heating until the ‘oil dscom-
‘pBsédy “Ifon” crystals cannot ‘be grown by the ‘usual methoi of

cooling slcwly from thé melt since it undergoes ‘a phase
change in the neighhorhood of 900° ¢, Irregular—shaped erys-
t&ks, ‘L/f47by-1/2 By 17inch, were grown in rods of cold-rolled
steél by decarburizing with ‘hydrogen and then’ stretching and
annedling ‘at-abéut- 8809 ¢, Growth of iron crystals will be.
descrTbed in*Reeulte, sinée 'a special etudy was required '
which has nbt yet been completed. ]

Spheree, 5/8 inch in didmeter with a ‘shaft 3/16 inch 1n
dtameter by L2 Fneh long, weré machined from the rods of '~
siIver/| copper, nickel, and zinc. Great ‘care was required in
machining ‘2iné in or&er ‘to prevent shearing aloug,the slip

‘Planes which ‘are especially pronounce& in %hie metal.

Spheres, about 5/16 ‘inch in diameter, we;e pachined from the
iren ‘vod's. - ‘Spheres of the me'tals, except lead and zine, - .
were tHen mechanically-polished by pressing emery papers,”'i
Nog, It fhrough 0000, against ‘opposite sides ‘of tne rapidly .
revolVing sphere,the shaft’ of which was held in & arill N
chuck ‘attacheéd to an electric motor. The spheree were elec-,
trolyticaliy pclished in various solutidns described An '
Reeulte. Tbey Were rinsed in’ running Water and dried with
clean tissue paper. Electrolytic polishing has the advantage
of removing the' strained layers of’ metal at the same time
that it pblishes,’ﬂeaving the true’ etructure of the metal ex-
posed at the' surface.’ Attempts to remove 1mpurities On the
surface are discussed later, -

v~ T e T AT

Method cf Heating Crystals in Oil ,”

The spheres with %hafte ‘dowhWard wers’ éiternately ex-—
posed to o0il and ailr by raising and lowering about an inch



6 VACA TN No. 982

,b
'uabove and below the level of the liquid at the rate of 15

_times ' winute.. A wlre attached to the shaft of the sphere
.axtende€d ta eprevolv1ng mechanism ‘abdve, which raised and
lowered ‘the sphere." The. oll - was “placed in an Erlenmeyer
flask igually 188 cubic: centimeters capacity, with a neck
6 inches long, which served. as an aif. condenser. "For experi-
ments c0nduoted in an- atmosphere of hydrogen’ or nitrogen,
the ‘inlet:gas . tﬁ%e peassed through a ‘rubber stoPper at the
.top of the flask ‘down “irnto the . 11quld"f The .gas passed out
through a, caplllary, tube. in the rubber.-stopper.  The wire

. attached! to the. crystal moved up ‘and<down through, this cap-
1llary. . The flasks were heated’ by hot: platee.‘tne tempera-

. ture being controlled in most experiments to 5 percent by
placing a ‘variable number ‘of thin ‘asbestos pads under the
flask. Experiments were conducted &t 100°, 200°; amd 300° C.
The orystals were remdOved -from the flasks at definite periods
of time and etamlned by several different methodsd,’

When a crystal oxidizes, a very etriking color pattern
is nroduced due to - -the interference colors from the oxide
films of various thickness on the different: crystal faces.
Thege’ batterns may be.seen best when & tube of white paper
is placed over the‘erystal in order to cut out reflections
from the various object® in the room. When the crystal is
reactlng in. the Erlenmeyer flask, these colors may be seen
,fairly - well by plaoing a piece of white tissue paper around
"the flask.,. A second type. of pattern is formed when the re-

,aoting ‘1iguid etches the different faces of a copper arystal
f_at different rates. ~ Some.- faces will remain smooth and others
"wilI beecome. rough at’ various depths of etching. ‘These etch

patterns rare .eXamindd by two methods.. .When =2 beam of light
is directed on the crvetal in a dark 'room, .noY only pay al-
ternate smooth and rough. reglons "be seen, but often striking
llght reflections will flash 1nto view from small facets de~
veloped parallel t0 special crystal Planes. From the direc-~
t1ons of these specular reflections and from the orientation
“of the crystal as shown by the symmetry of the etch patterns,
the erygtal plane along. which these facets. have formed can
 be deterpined. Finally. the various areas. are’ examined under
., & microscope. 'In some experiments the crystals were weaighed
" ‘before -and . after eteching in order to obtain an ‘approximate
measure of the rate of retching, but such measurements are
limlted iIn meaning due-to the fact that all crystal planes
are exposed and the rate of etching along. these planes varies
greatly.: Byen, in the case of polyhedra prepared parallel to
special crystal ‘planses, these weight measurements have only
e very:limited meaning, as will be described in Discussion,

T . -

T
. o

2]
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From these types of measurements & picture of the manner
in’ whidh the reaction takes place may be ‘obtained., Tor ex-
ample;’ the formation Tof the oxide- pattern ‘gives a plcture of
the redcétion-between metal: and - Oxygen.' ‘The removal of this
oxide pattern shows the mannef in which the ‘acid constituents
of the- 611 ‘atfack ‘the” oxide.” The etcu pattern and the spec—:
uiar réffestfons ‘indfcate thé manner in which the three ma- -
terials, metal, oxygen, and oil,react simultaneously, A

ippd 2 cryStals ‘were &enerally Héidted in o0ils in both con-
centrate& form an& 5 Percent in mineral oil ‘The . etperi—;'_l_
ments with- f{he‘'cdncentrited réageénts were carried out in
order to determine the effect of one reagent at a time and
the differences in behavior between the various types. The
experiments with 5—percent reagent in mineral oill were car-
ried out to determine the effect of these materials when
used in small amounts as addition. agents., A few experiments
were conducted with l-percent "addition agent in minsral oil,
A few also were carried out with several types added together
in mineral oil, = *- ' '

The mineral 0il was obtained .from L. Sonneborn Sons, New
York® Clﬁy “THe stearlc ‘acid was obtained from ErmOur and
Gompa Y. “'The tricredyl’ phosphate wes technicaI g;ade obtained
from Eggtman & Co., " A few' exneriments were conductad with the
pure grai@ ﬁhosphate but “this was not used genenalfy due to_f_
prohibitiVG dost, Tristearin, trinhenyl arsine;'triphenyI
stibine triphenyl phosphine Wére .pure grades. Methyl stea-_;
rate was technical grade. “fin'e ﬁse& and unused av1at10n oils
we'r'e "sup plied Ty the WACA ‘Aircraft Engipe Regséarch Laboratory
The silver, 99,9 percent fine,'was obtained from Handy apd oL
Harmon’“ Thé" éopper was' electroTytic hetal 99 9 percent pure,
obtainéd Frod the %merican ?rass Co., "1ea¢ Was' obtained from f
The "Netionagl! Lead Go~'and was ‘dedtribed ‘as Hav1ng a very ' o
small percentage of -impurities, probadly not mMore’ than 0,706 °
percent copper., Iron was prepared by decarburizing with
hydrogen ¢ old~Tolred ‘steel Harihg & composition of .08 Yo
0.16 perdent’ O o, 60 't 0" 0. 90 percent, Mn,“O 09 tv’ﬂ ﬁS percent
P, and 0,10 %o 0,26 percEnt’ 5, SLANE ine wes reagent metal -
obtained ‘from’ MeTck & To., TV percent Purd.” The nieckel),

99,4 percant pure was obtaaned f}om WHitPhead Metal Pro&ucts
Co. L B T R SV L A

Lo o 5%3~ Laea ey “Lir' man Ba F

Since the’ oxidet ioh” patterns obtained with 7 gopper are
important in controlling surfaOe ?ea&tions. Var}ous treat-
ments weld' given the' metal- surfabe in" orde%”toéremove poesi~
ble contaminations bbtained’ fiom” electroly%}c polishing and

other ecauses. After eiectrolytic poiishing crystals were



& NACA TN No. 982

Zgiven various treatments .such gs bolling 1in distilled iso-
bropyl .alcohol, heating in hydrogen at about 900° 0, washing
with, . ether and cleaning with electrolytic hydrogen by .oper-
ating as a cathode in caustic solution. In general, 'the’ :
same. type of oxidation pattern was obtained after each treat-
ment. Bven grease from the fingers by deliberate handling’
did not. Ainfluence the etch pattern obtained with etearic
acid. i .

For comparative purposes the photographs of the single
crystals given on figures 1 to 8 are oriented in the sanme
dlrection. Views are normal to surface at (100) pole.

IV. RESULTS

SILVER

Electrolytic Polishing of Silver

Mebhanibally polished single crystal spheres served as
2n0dé .in an électrolytic cell .consisting of a 400-milliliter
beaker and a_cylipdrical copper cathode, The sphere was
supported with shaft downward by means- of No, 18 Brown and
Sharpe gage silver wire., The polishing medium was & 5-per-
cent~ .KCN solution to.which was added just prior to use 2
milliliters of a 10-percent-Ngll solution per 200 milliliters
of the cyanide solution, Polishing conditions were 7 amperes
‘per square centimeter at a potential of. 2, 0 to 2,5 volts. At
slightly hlgher current densitles silver oxide formed am .the
‘surﬁace, ‘at increased current densities oxygen evolution with
subsequent roughening occurred, while at low current densl-
ties an electrolytic etch pattern appeared. Tepte

phe smoothest surface was always obtained in freshly :
prepared polishlng solutions, the efficlency of the solution.
decreasing with usage. After admission to the electrolytic .
cell the current density was increased gradually until the
flqst voltage and current fluectuations were noted., The cur-
rent density was maintained at this point until a fair polish
was obtained. It was gradually decreased until the valtage
fluctnations achleved. a maximum frequency and a minlmum am-
plitude and maintained et this point until the desired degree
of polish was thelned At the. polishing point an orenge-
yellow film alternately flashed on and off the anode surface
in step with the.voltage fluctuations. . Proof of the single-
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crystal charadter of the surface was obtalned by lowering
the current density to the point where.the electrolytic etch
pattern appeared .

Oxidation

. .No-interference color films were obtained on silver
erystals heated in dry air, moist air, dry oxygen, or moist
oxygen at 100° to 550° C for periods of time ranging up to
48 hours. At 500° C in 18 to 48 hours excellent specular
reflections were bhtained from the (111) regions end weaker
reflections from the (100) in atmospheres of.oxygen, air,
hydrogen, ahd in vacuum, Preferential evaporatlion of silver
appeared to -be the predominating cause,:  The fact that the
ratterns were.more intense in air and oxyggn.suggests that
the presence of silver oxids enhanced the preferential evap-
oration.

¢ o Kineral 0il
a mosph of b .~ When & silver crystal
was alternately immersed in oil at 200° C and exposed to
hydrogen:at:4he:rate of 15 1times a minute, the crystal was
not apttacked and the 0il remained undecomposed. over a period
of 24 hours.. o ~sign of a silver film was visible on the

flask.““‘:

In an: atmosphere of air.- Exnerimente were conducted at
lOO° 200°, ard 300°.C with the crystal alternately immersed
in" %he” 1iquid and.exposed to.the air at the rate of 15 tjimes
2 minmte. - Ab 100° C a.color pattern formed-in 5 hours, the,
(1009 reglons eppearing to be the most. active. After: 10,
howrs the color pattern dlsappeared and a faint roughness
pattern took its .place, After 10 hours a translucent gelatln-
like: material. appeared on the. crystal and on the sidee of the
flask,.  This ‘material was slightly soluble’ in alcohol and |
very .soluble,in ether. It was not noted, in experiments con=
ducted ab 2008 and 300° C, . The.weight logs. in 24 hours at .

- 100° ¢ was: 0,0021 g, The weight loss was. readily verified |
by noting that a. thin. film of. silver had. formed . on the base
and-sides of the flask, At.2000 C ga. bright color pattern
formed in 3 hours,-the color being very.readlly removed by
rubbing: w1th tisgre.. Preferential roughening started to.oc~
cur in 6 hours but this again was followyed by a- preferential
color film pattern. The final pattern after 30 hours con-
sisted of: a brilliant purple square at the (100) regions
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surronnded ,by ,square silver bands, of smgll faint red (llO)
regiong, and large circular dark red- brown (1Y1) areas. ' As’
id the case Y6F 100° ¢ a'large film of eilver became v1sible
on the surface of the flask several hours after the expéri-
ment was initiated. The weight loss in 24 hours was 0,0014 g.
At B300° ¢ a color film formed in 6 minutes dbut immediately
gave way to a preferential rOughness pattern. The roughness
pattern disappearegd after 2 hours and the entire crystal took
on a foggy appearance. “The waight loés in 24 hours at 300° ¢
wés 0. 0009 2. i #f‘_. . '

j'nxperiments vere conducted at 200o gnd 300%°C with the-
silver crystal rapidlv rotatlng below the level of the mineral
0il. 'In both casés 'no sigis of color or roughenlng were 'ap-
parent, however. at-the end of 94 hours a very thin film of
silver was noticeable on the base ‘of" the flask.

S

Oiliness Agents

All experiments were conducted by alternately immersing
the sphere in the liquid’ and “the ‘dtmosphere above the liguid
at the rate of l5 times L& minute., e mee v

, Stearic aci&‘lﬁ an atdosphere of aif < A very faint'
euperfici%; etqh pattern forqed on the sgrﬁaoe within e
hours ,at, 1OQ F %ﬁtern fter 2% hours consisted of
very smootH - (lll) and small (3?1) areas, the remdainder of
the surface appearing slightly misty when viewed with a
£1ashLight in a .darkened roqm. The liquid was only slightly
disqolored and the We;ght losses ‘were negligible after 24
hours. At 2oo° g e VEry ‘faint €téh pattern started to form
in 76 minutes. The flnal étch péftern ‘was similar'to that '
descrlbed 8t 100°-¢ an& sli hﬁly ééeper.L Very, very faint
specular refledtions from the (lll) regions were noted nor-
Cmal ‘66 7(111), 'THe weignt Toss in 24 hours was negligible,, '
"At '300°C an etel ﬁattern coneistlng of” specular reflection "
"from the, (111) formed in several minutes. Within 1 hour’ the
pattern became indietinct and ' the ‘entire surface becamé
roughened After 3 hours i1 yellow~tan film formed on the
sphere and the acid startéq.to deposit decompoeition products.
No- Weight measurements &ddrd be obtqined due to ‘the irremov-
able film on the eurface. Phat etching did occur is proved
by the 1mmediate fdrmatioh of an etch battern and also by the
fact that & £ivw ‘6f silVer Wis vieible Sh the base of the

RACR N P :

ilaex wheﬂ‘the 11hdﬁd was fémoved

- ,,ve.,. _4 K e R v
- Lot et on oy ff"f:j‘_-.,-___ K -
s
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Stearic acid in an atmosphere of oxygen.- The etch pat-
térn which formed in oxygen at 1000 C was about equal in in-
tenslty to that noted previously in the presence of alr at
200° G, No variation in the weight losses or intensity of
the pattern was noted in the comparison of the action of air
and oxygen at 2000 C,

Five percent stearic acid in mineral oll in an atmos-
phere of air.- Not the slightest signs of color fiime or

etchling were visible after 24 hours exp03ure to the action

AL B s s bt anmda oadd 3.u e aae ] & ONNO ﬂ
o1 © yu;ucuu stealfiC &acCcid 111 m;ue;u; o0il at 2009

Oleic acid in an atmosvhere .of alr,- The surface of the
sphere remained perfectly polished during 24 hours expoOsure
to the action of oleiec acid at. 100° G, ‘A well-developbd

pattern appeared after several hours exposure at 200° O.

The final etch rattern consigted of a strong specular re-
flection from the (111) regions, a cross. at: the (100)'s ter-
minating in a small diamond at the (210)7g, - FThe (110) re-
glons remained very smooth and appeared so: under a magnifica-
tion of 600X, while the (100) and (111)!s appeared compara-
tively rough, Hlectrolytic etching in the silver polishing
solution caused a tan translucent skin to peel off the
gsphere. This fact perhaps indicates the reason for only
superficial development of the etck pattern.

Methyl stearate in an atmosphere of air.- At 1C0° C the
gllver sphere had & very faint pink-green color. When viewed
in a cone of paper, & very faint color pattern similar to
that noted in the case of mineral o0il was observed. At
200° C very superficial etching took place in the course of
24 hours., When the crystal was viewed with the ald of a
fleshlight in a darkened room, four blue dots at the (210)
poles were visible when viewed normal to (100) planes, and
three green dots at the (311) poles were vigible when viewed
normal to (111) planes. Although these colored dots were
extremely striking in the beam of the flashlight, no prefer-
ential surface structure was visible under the microscope t0
account for this phenomenon.

Chemical Polishing Agents

Tricresyl phosvhate in an atmosphere of air.- No etch _
pattern or color films were visible at 1000, 2009, or 3000 C,
The' weight changes in 24 hours were negllgible in all cases,
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A:proteciive film was formed on the surface in all cases as
ipdicated by surface film scaling when electrolytically
etched in. the silver’ pollshing solution,

'i':.ll © T
g "Commercial 0Oils

 Aylation lubricating oil in an atmosphere of air.- Per~

fect. .golor, patterps presumably due to sulfyn in the oil .
forme@ in 30 to 60 minutes at 100° and 200° G, The colors
weht th#ough the series, rose, copper, brown, purple-black,
and dark bBlack. The ' (311) regione appeared to be by far the
most. active. An atmosphere of hydrogen did not prevent the
pattern formation or'appreciably reduce the rate., The colors
rapiﬁly ‘disappeared when the sphere was dipped in KCH solu-’
tlon. 'or placed in lodine vapor. '

Ueed A¥iation lubricating oil in an atmosphere of air.-
it 100° C a very faint dull gray color pattern similar to
that in new aviation oil became apparent in 24 hours. The.
WGighﬁ loss was nil. At 200° C a faint’color pattern ap-
peared rapldly and & lustrous lacquer. formed on-the surface
i 48" hours, The weight loss was nil, ‘At "300°:'C g faint
eteh pattern formed in 2 hours and a bla&k tarlike deposit
formed in 5 houre. When the tar was removed by rubbing, a °
faint color pattern wag apdparent. :

e K .-

Aminws S o A
N N o

In an'atmosphers 'of air, ‘etch patteris wére formed 6n
sihgle’ crystals of silver at 2000 C by dodecylamine, tetra-
decylamine, 'and octadecylamine. In all cases (111) ‘planes’
were greatly deveYoped, and (100) planes were 'déveloped to-a
lesser extéent. The weight ‘lossés in 24 hours for a ls—gram
sphere of approximately 7 'square centimseters were 0.008 g 'ii
dodecvlamine, 0.007 g in tetradecylamine, and 0,002 g in '
6ctadecy1am:ne.- ¥o apparent ‘'reaction as Judged by welghtl
cRange “and surface appéarsance ocdurred in dodecylamine and
air at 100° ¢, PR L

Other Zvidencg,of, Preferential Btching

Preferential. etching of silver-crystal spheres was o0b-
talned in the followifg reagents: . 1, Electrolytic setehing
‘at. low current dénsities in. KCN= .Nall solution; 2. KCN-
(H4)38508: 3. Nitric acid; 4. KeN-air; 5. KI-Ij.
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Iodination

cant YL yéry beautlful and perfect pattern of colors was,ob—
~tainéd ‘when &n annealed polished crystal sphere'was ‘placged
~in:Yodine vapor or in & solution of iodine in a sblvent such
as héxgné,’ &ther, chloroform, carbon tetraohlori&e. or ben-~
zenei '‘The varidtions in rate increased as the - color film
incrégsed 1A thidkness. The (100) and (Bll) regions had =
high 'rate '6f reaction, while the (210) and (111) were zé-

ions of low rate.

T,
E. TNEE A S R

san Rearrangément Due to the Action of "Hot Gases
Faint patterns of specular reflection from the (111)
. regtons'#ere ¥isible -when 5:1 mixtures of hydrogen and oxv-

ger gt @ ¥o¥al ‘pressure of 1 atmosphere were passed over a
piolished ¢ rhqfnl at 440 c, The results weres n++wihn+nd to

Ve & S AT BRI Vi¥a =S -avw

preferential evaporation as noted under Oxidation._.:
5 Akrearfangement ‘pattern which roaghenea the (lll) re-'
glon’ to* the greatesv ‘8xtent formed ‘when a 4:3 mixture of
oxygeh and’ hvdrogen sulfide at'a total pressure 0f' 1 atmos~
phere was passed over the crystal sphere at 200 p;;_;
Rt"‘._-' . f . -
dr A mixture of 20 rolumes’ of hydregen 'to 1 of chlorine

preferentlally roughensd the (100) regions of a cryetal
sphere’whén the zases were passéed over the’ sphere at” 350° C
and a total pressure of 1 atmosphere,

4lthough the important result.about silver for this in-
vestigation is that it is largely unreactive, the films and
faint etoh patterns formed have. been described in .some.detail
iA cake’ further sﬁudies should be made on silver surfaceg...

ARSI b T war
P P e t e : T o s . W:;n
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BTy e 'COPPER‘ S
g0 Lt .;|_. . L . oo [ . e . - . -

T Electrolytic Polishing

N S Lo .-.:.' Ve v -t
& I B f 3 -

teevr

[
.

GOpper single ‘erystal spheres weré electrolytically
polished in 42,5-percent~-phosphoric acid solution at & cur-
rent ‘density oFf 12 amnereefsq dem -and -a- voltage of B - voltS.
The 'polishing ‘cell condisted of g large vertlcal glass cyl-
inder 4o which were attached 2 vertical cylindrical sidearms
containing copper rod cathodes. " & dlsdussion of the prepara-
tion of the sunface of copper crystals Has" been given in ref-
erence 1, page 35.



14 I''CA TN YNo. 982

-

Oxidation

When a polished crystal sphere was heated in air at tem-
peratures above 100° O, brillient color films formed indicat-
ing ‘that the.rates of oxidation varied with plane,. The rela-
tive rates of oxidation in air at 200° C and atmospheriec -
prbssure ‘were, in the order of decrea31ng rates: (100) and
(210) regions;- boundary lines Between two (311} negions;
Youndary lines ibetween. (8I1) and (110) regions; (1l1l) .re-
gions; (110) regionse; and (SLl) regions: -(See fig, 1,) In
the neighborhood of 500° C theré was ‘some "change in the order
of relative rates but, Jjudging from the color and relative
roughness of the oxide film, the (100) and (210) regions con-
tinued to'be the most reactive., Judged by the continued
smoothness of the surface and by the development of definite
erystal ‘facets, the.,(311) regions remained the least reactive
Oxidation of single crvstals of copper has been considered
previously: - (See reference ‘2,)  Further verification was o0b-
tained ‘b6f the fact.that the (100) regions were the most ac-
tive toward: oxidation at temperatures of 200° to'300° G, A
polished sphere was oxidized in air at 300° C for' 8 hours,
At the end of this interval the sphere had an adherent black
cohtihg over ‘the entire surface. After slowly cooling to
roof’ témperature. the sphere was rubbed with tissus. Prefer-
ential gcaling from a small circular region around the (1.00)
reglons occurred, indicating that the deposit was thickest
in this region of the .eurface. Individual grains of a poly-
crystalline aggregate. showed varying rates of oxidation in
air at 200°.¢,. . ‘

Mineral Oil

In an atmcsphere of hvdfcéen.-*When ‘g CcOPPOT - crystal was
alternately-immersed in 041 &t 300° ¢ and“exposed "to hydrogen
at the rate of about 75 times a minute. ‘the erystal was not
attacked and the 01l remained clear and undecomposed over a
period of 48 hours. No reaction took place at 100° or 200° C
over a period of 23 hours. 4 small trace of oxygen in the
hydrogen (less than 1 percent) will produce an oxide pattern
on the crystal as described in the following.

nl\u

in an atmoaphere of nitrOgen.— At 300° € over a perlod
of 48 hours, .the 0il showed no discoloration and the erystal
showed a slight.oxidation pattern, which was attributed to
the diffusion of a small amount of air through the exit tube
as judged by a similar experience .with hydrogen.




»
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In an atmosphere of air,~ When a copper crystal was al-

ternately immersed in oil at 200° G, and exposed to air 75
times per: minute. g regular oxide pattern of interference
colors appeared in 30 minutes and increased in intensity for
8 hours. This oxide pattern is similar to that obtained in
pure air with ino 0il present., (See fig. 1.) &t the end of
20 hours the crystal was completely covered with a black
tarry material. At 200° C an oxidation pattern appeared in .
ebout .2 ‘houyrs gnd continued for gbout 19 hours gt which time .
the pattern of interference colors gave way to oqe of dark
red -and ‘black deposits. When this crystal was heated in
hydrogen at 450° G, black deposits remained in certaln re-
glons, indicating that thg formation of carbonaceous materi-
als varied with crystal plane, When air was bubbled through
mineral oil at 200° G, in order to accelerate the oxidation
of the oil, an oxidation patbern first formed on the crystal
but this soon gave -way to & striking etech pattern within 24
hours, indicating that -the etching varied with cnystal plane.

-Oiliness . Agents

Stearic acid in an atmosphere of hydrogen or nitrogen.

When a very rapid stream of hvdrogen or nitrogen was passed
through the liquid in order to prevent diffusion of even a
small amount of ‘air through the' exit tube, the erystal re-
mained ungttacked, .and "the o0il, clear after hesting at 300° ¢
for-48:hour5u' A crystal also wes unattacked at 200° c.

-8tearic acid in an atmoaphere of air.- PhotOgraphs were

taken and loases ‘in weight were determined at &, 24, and 48
hours, When'a crystal was leated in stearie acid at 100° ¢,
the surface showed 'a very slight ‘éetching tn 1 hour and a def-
inite pattern in about 6 hOurs.' At 200°7C & definite etch
pattern began 'to form in about 1/2 hour. and at the ‘end of

1C hours a pattern typical of "stearic’ acid was obtained. A
photograph of ‘such a pattern is ghown  in ‘figure 2, The (110)
regions were very rough and the rest "of the surfsce was rela-
tively smooth. 'Photomicrograpis of (110) and (111) regions
are shown in- figure 3. At the end of 48 hOurs the loss in
weight of a crystal of about 15 g was 490 mg.” At 300° G the
typical eteh pattern was fully devel oped within 2 hours, when
a black deposit sodn began to form onm the erystal. This
greatly reduced the rate of etching and within 24 hours the
erystal was covered with & thick tarry deposit which could

* be easily wiped off, ‘When''a crystal was® heated at 200°% and

300 ¢ in & S-percent solution of stearic acid in mineral
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oil the results obtained Were similar ‘t8 those with pure
stearic acid ‘The ‘rate of pattern formatioh was glower and
the, 105§ in weight 1688 "Bus the differences were not

80 great as would be expected .

In all etching- experiments with stearic acid 1t was
found" “f{Hat the pattern changed 'with’ ‘time until a constant
type, havine a: rough stridted surfface dt thHe (210) regions”
and §mooth ‘surféces 'at the (100) ang (III) regioms, finally
waos obtained: In drder to defermine whether this change in -’
etching w1th time ‘was 'a résult of the changing composition
of the 1idufd as oxfdation proceeded thie acid was renewed
every 3 hduré using’ the samé crystal dontiruously for 12
hours. It was found that the typical pettern was obtained’
in about B hours and continued until +he end of the éxperi-
ment id-12: hours, indicating that the ‘ehdnge which tobdk
plece ‘i "the' ‘composition of theé liouid o¥er a periocd of 3
hours ‘atfd "Ho¥” chédnge -appreciably the etdhing chdracteristies
of the acid,.

In order to investigddte thé method of attack of stearic
aclid on fllms of copper oxide, a crystal with three flat sur-
facés, about /16 ineh ip dismeter, parallel to the’ (100),
(111), end (110) planes.was oxidized in =zir at 200°: ¢ and
then heated at 2002 C.in 5 percent .stearic adid in minersl
0il in an '‘atmosphere of ‘nitrogen., .At the beginning, .each
surface 'exhibited the color of .the oxide film characteristic
of thaht.crystal plene, 'the .(100) having ‘the sthickest film,

As the reaction proceeded, the change in colors on the vari-
ous faces reould - be ~abserved, the rate of eharge being a ‘meas=
ure of the -rate of etching . of the oxide., Finally, .all colors
dieappeared and the varying degrees of roughness.produced
by the etching .of filme of .different . .thickness could be ob-
served., .The nitrOgen was then nreplacsed .by alr, and other .-
crystal planes became roughened the etch pattern shifting .
over to that..Qf g di?ferent tyoe. This sugzgests that the -
positions of -greatest oxidation ‘in..air alone are not the po-
sitlons. of the. . greatest rate, of etching by stearic - -acid.
This., experiment is. primarily describsd in .order to indicate
how . the single qrystal method, of study can .be uwsed to study -
intermediate reactions with. speqial emphe51s on.the direc~: ..
tional,properties ©F, crystals.; It has been impossible da.; ..
these etudies to.take fullxadvantage of puch poesibilities.

.: Three.polyhedre,.a pube yith faces parallel -t 0 the (100)
planes, an octahedron. with faeas parallel ‘40 the -(111) planes,
and a.dodecahsdron with, faces parellel 40 the .(110). planes
were alternatsly ‘‘mmersed in stearic acid at 2000 0 and
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exposed tc air at the rate ‘of 15 times per minute, The poly-
hedra were removed and welghed at the end of 1/2, 3%, 6%,

and 24 hours. Four similar experiments were carried out

with these polyhedra, but the results were not consistent,
Possiblq_reasons will be discussed later,

Y

‘As “has been stated, no etching occurs in atmospheres of

pure hydrOgen or"niﬁrOgen, If the hydrogen contains a small
amount of oxygen (less than 1 percent), however, the etch
pattern obtained'is quite different from that obtained in
air when "the experiments are run for periods of time giving
approximatslv equal weight logses., The weight loss in an
atmosphere of ‘air dfter 1% hours was squal to the loss ob-
tained in hydrogen containing a small amount of oxygen after
24 hours, The etched crystal, with an atmosphere of ailr
abdve ‘the stearic 'acid showed rough (100), striated (110),
and smooth (111) regions, With a small_amount of air in hy-
drogen, -smooth’ (100 rsgions, extremely smooth and bright
(110) regions and slightly rough (111) regions were Obtained,

_ Very, vefy fainﬁ specular reflYections were apparent
when a copner single-crystal reacted with stearic acid in an
atmosphere of unpurified tank ‘carbon dioxide. The Weight
loss in 24 hours was negligible. )

" '814ght but ‘detectedble. currente were fowhd with pure
stearic kcid.when a potential was' applied between a copper
single~crystal anode and a cylindridal'copper or lezd cath-~
ode., The magnitulde of. the currents’ was as follows: A% o
3009 C ahd an anodb~cathodb distanck of 1 centimeter, the
ocurrents were 30 microamperes at'1ll5 volte and 1 microampere
at 4 volts. The current increased to 2.2 microamperés at &
potentlal of 4 volts when the anode-cathode distance was re-
duced to 2 to 3 millimeters. At 200°% ¢ the magnitude of the
current varied between.1l8 %o 20 microamperes at ' a potential
of 115 volte and an anode-cathode distance 0f 1 centimeter,
The amount of current doubled in. value as the anode-cathode
distance was decrspsed t0 2. millimeters. HNo noticeable dif-
ference was apparent in the etch pattern or in- the wetting
characteristics . developed by the stesaric aclid at 200° C when
a current of 18. miqroamperss at a.potential of.l1l5 volts was
allowed to flow to a copper sheet cathode for 6 hours as the
copper single-crystal sphere was alternately immersed and
ralisged in the alr ahove. the llquld

Rubbing an electrolytically pol1shed copper gsingle crya-

tal, prior to etching, with metal foils such as aluminum,
tin, copper, nickel, or lead did not alfer the fingl etch

-
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pattern deveIOped in 24 hours, The customary pattern devel-
oped very rapidlv when the surface was rudbbed hith tin or
lezd foil, 1in 4 to 5 hours when rubbed with copper foil,

and 10 to 15 hours when rubbed with nickel or aluminum foills.,

Tne size and degree of roughness of the (100), (110),
gnd (lll) areas, Obtained by etching with stearic ac1d at
200° ¢, differed fromw ‘the customary pattern 1f the surface
of the c0pper crvstal was coated with a film o6f silvér by
rapidly éipping the crystal in a 0,01 N solution of silver
nitrate. Observation indicated that the major reason for '
the difference in pattern was due to the preferential abil-
ity of the silver to adhere to the copper surface in the
presence of the aci& oY

A very well developed hydrogen oxygen oatalytic pattern

ns'obtained on a copper crystal by exposing ‘it to a 5:1 mix-
ture of hydrogen and oxygen at 400° © for 16 hours., The
phere was then alternately immersed in "stearic acid at

2000 ‘¢ gnd ‘exposed to the air above the liquid. The cata-
lytic pattern entirely disappeared in 1 hour and the well-
defined stearic acid pattern first appeared in 4 hours. The
pattern reeulting in 24 hours was identical with the custonm-
ary stesric scid pattern.

Oleic acid in an atmosphere of glr.~ When a copper crys-
tal was heated at 100° C, a faint pattern appeared within 2% .
hours .and continued for 24 hours, At 200° C strong specular
reflections were obtained from the (110) regions and the -
(811) rezions, indicating that crystal facets parallel to’'
these plaqee had been developed. The crystal remained en— ..
tirely. Wetted _ . _ _ - v

Methyl stearate in an atmosphere of hvdrog,n., No ap—
preciable reactlion took place. over a period of 12 hours. .. .

'I.- .

Methvl stearate 4n .an atmosphere of air.__A very.dc*i—
nite .etch pattern appeared in about 1 hour and continueld un~:
til the  end of the experiment in 12 hours,.,. The welght luwus:
over 12 hours was 34 milligrams.. A B-percent golution of -
methyl stearate in etearic acid produced a: faint etch pautern=
in. 12 hours.- N L : cLa

Tristearin in an atmosphere of air.- With: a 5~percent--x
solution in minersl oil at 2009 ¢ a defintte oxidation pat-
tern. formed in’ about 15 minutes and continued for 48 hburs.
No eteh phttern formed, and the loss in weight was negligible

SR ' RN ' - T

v . : - o ¥
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over -.a perioed of 75 hours, When a polished crystal was

hested in this used liquid for 17 hours, it was completely

covered 'with 'a .tar which, when wiped off, revealed.a definite

pattern of - cqrbon formation at the (110) regions. . :
L S S L T S

el A e e e

“Ghemical Polishing Agents o ;

Tricresyl phosphate in an stmosphere of hydrogen or
nitrogen.~ When a rapid ‘etream of hydrogen was passed through
the liquid at 800° G, no appreciable reaction took place
within*24 hours.‘ The liouid decomposed slightly as, indicated
bY @ change'in color to e light orange and by the formation
"0f & ‘few large black flakes on the bottom of the flask The
crystal remained smooth ahd shiny. ; .

Tricresvl phoaphate ‘in an atmoaphere Gf. air.f Experi-
ments were conducted at 10Q0°, 200°, ‘and. 300° C, with the .
orystal alternately immersed in liquid and exposed to air a%
d ‘Fates of 15" times per minute,.. . In general, an OXidatiOn pat-
tern first formed,'fbilowed by very faint etching,.and a
brown insoluble film whieh is not preferential with crystal
plane as far as .could be Judged. Finally, at 200° and 300° C
the crystal was completely covered with a -heavy black deposit
at the end of 24 hours,. AL, 200 C.the, Aull brown, film began
to form I'n 'about B hours and continusd to the end of 24 hours
when the" heavy blaok deposit formpd” appreciablyﬂ When this
'depbsi% was removed by rubbzng with tiseue paper, ‘the used
tricrésyr’ phosphate etohed the. crystal .preferentially and
deeply,_the thin," brown, protecﬁive film falling to form.
When”a ' new crystal was heated in ?rigresyl ‘phosphate which
had beadn® heated previousiy with copper in contact with’ air,
no fild'was ' formed, but a. very’ striking etch pattern formed,
in'abeit 10 minutes.‘ At the" end of 15 hours the patteérn was
véry: disﬁinctl the (110) regione being smooﬁh and shiny as
shown ih figure B Small shiny epots were located at the
flOO) and the (111) polee. and ‘the Treést of ‘the, surface ap-
psaréd Frosted,” Five ‘percent tricrésyl’ phosphate in mineral
01l at’ 200° andi'300° ¢ formed films similsar to those obtaired
with- -tHeg" concentratsd material., The rates were slower. At
200° G the ‘6xtddtfon Pattern formed in° 20 m;nutes gnd .the
brown #ilm-in“about 5 ‘hours;*"At 300° C'the gxidation pattern
formed almOst fmmediately and the Brown’ film in ‘gbout 20 min~
utesJ " “Five crvstals neated successively at aOO° .C in the used
~6-percent ‘phosphaté which 'héd “been Heated at 2000 ¢, formed
protective films. A sixth was etched slightly.
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Triphenyl phoaph;q » triphenyl stibinp..and riphenyl
ersine”in'minéral  91i 1 ﬁa g&’simi;arlg 't tficresyl phog-
phatéd. " "An oxidatién*ﬁéﬁ% rotfirgt formed 'gnd thig, wag’fol—;
loved “by 'thé- format1¢n o a*brOWn protectifa film., ‘No, ap-_f
preciable etdhing- took'$latd. "With 'S percent triphenyl '
arsine in mineral o0il an oxldation pattern formed, but no
eppreciable film formed in 42 hours. .,

ta

Gommercial 0119 S a ??§,“

Jhan aoonystal ‘wag heated in unused ‘aviation oil at
:200°;G, ;an . ox&éation ratterna JLormed. bt . nd anpreciable ret.ch~
img‘qmda@rbanldeposition took Place within (48 hours. If.alr
was blown rthrough unused oll,  a faint ‘etch pattern formed
within 48 hours. This shoulﬁwbe compared with & definltve-
eteh pattern formed with mineral o0il hested under similar
conditlons for 24 hours. Used avigtion oil in air- prefer-
entia;l etches a.copper crystal with ‘the devel.opment Of, .
Qlll) Planes a&t. 1000 3009,. gnd '800° C,. and .forms. ureferenrn

tial garbon depoaits 88 described n the parngraph on R T
arbonization 3v._ i oty . R BN
Fav “no . . )

T b e o Aminas in an Atmosphere of Air

dLEye LR

“.‘,Fqnpentrqtad ethanolamine at 100° ¢ produced an etch
pattenn elmost, lmmediately.: Concentrated cyclohexylamine at-
1008 ¢ produced a faint etech pattern. Concentrated diphenyl—
amine. at, 200 (F did not etch, the crystal appreciadbly over a
period of: 24 hours, but an oxidation pattern .formed.. - Con-
centrated hexadecylamine at 200° C produced a: &efinite etch:.
pattern. fhen.a beam of light was normal to:the surface at.
thex(llog,@ole.,definite specular reflectliong were obtalned
cvpr“@@wan¢+rg1§emispnere, indicating that.facets paralilel
to the. (110) planes were developed.,' Faint-reflections were -
obtained:when a light beam was normal st!the (111): bole, ¥
Total :10ss in:wgight over a period:of 24" hours wasilé6- m1111~-
grams. With_.concentrated:octadecylamine at 200° O definite!
specular reflep;ions were .0btained over a hemispher@e” thn'°“'
the-1llght beap was normal at a:(100).p0le., Total loss in i
weight over a period of 24 hourné.was.10. milligramsyv I#"5.
percent hexadegylamine in mineral- ail:gt 200° C, a défiﬁi%e
oxidation pattern appetired, which,continued until theiend~ or-
the experimgnt in 40 .hourev .No appreciable etching took <"

place, and tha crystal beqame aompletely cdvered with a black
deposit. . .. L A a e

o S %
oo F oA, v
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NACA TN No, 983 31

Ability to Wet

A copper crvstel was immersed in: stearic acid and ex~
posed . to-dir at a rate of 15 times a- minute ‘at 200° 0, The
customary etch pattern soon formed and, ‘after the etching
had taken place for periods of time ranging from 3 to 6
hours, the liquid .rearranged -l1tself into definite drops on
the  (110) poles when the crystal was raised above the liquid,
If hydrogen replaced the alr, the liguid wet the entire sur-
face of the erystal. If air replaced the hydrogen, the
drops again*formed gt the (110) regions, Only & small amount
of ai> in the hydrogen was sufficlent to produce this forma-
tion of dr0pe." This formation-of definite drops was obtained
above 16007C" and up to at least 370° G’ where the film imme-
diately bréke ‘into small drops, -If the preferred wetting had
occurred, additions of mineral oil up to 50 perceént did not
affect the results.. If o freshly polished crystal was im-
mersed in '0ld stearic acid which had ‘been heated previously.
as described’, the drops. immediately formed on the highly
polished crystal at the. (111) regions. "After the. etching
had' procaeded for periode from-3 to 6 hours and the regular
stearic ac¢id pattern had been developed, the drops collected
at the (110) regions, If a freshly polished crystal was im-
mersed in new stearic¢c agid.and exposed to pure oxygen at a
rate of ‘15 timed a minute, the drops forméd in a short time
(severalimfmites to an hour) at the (111) regions, Palmitic =
and myristioc acids under.the first conditions descrihed pre- .:
viously sHhowed ‘& similam\preferential collection of drops at
the (110) regions. [The unsaturated acid, oleic acid, 4id
not show the formation of drops wander’ the same conditions.
Five-percent solutions of caleciunm stearate. ‘aluminum stearate,
and zinc steatate in stearic acid exhibited preferentlal wet-
ting of thé (110) regions in-8 to 10 houtrs,

A copper single crystal containing a perfect stearic
acid etch pattern which had .@dsveloped in 12 hours at 200° C.
was transferred $o fresh stearic ascid,” The crystal showed
preferential wettablility of the (llo)lregions after 6 hours,
a time interval comparable to that necédssary to develop pref- .
erential Wetting On a. freshly polished cryetal. : .

A polycrystalline sphere of c0pper %xhibited wetting re-
sults similar: to the single crystal sphére’ at’ 200 ¢, In
fresh acid "the’ liquia first.began to exhiBit” nonwatting of
the eurface ‘in 6.t0 6 hours.- Stearic acid® previously heated
in contact wiﬁh coppér for 12 houre showed no gigns of wetting
the copper surface_iqr the total. ronning time of 3 hours, An -.

etched surface reacted in the same manner as an unetched

FRUEYRNS ¢
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surface, the stearic acld we;ting.the sphere for 5 to 6
hours, then no longer wetting it. ‘The surface remained com-
pletely . wet: in atmogpperes,. of hydrogen and nitrOgen after 24
hours when the,experiment wae concluded :

An attemnt wae made to qorrelate the wetting of'a cop-"
per single crysfal. by. etearic gsia With the wetting of" &
platinun spade,dipper gt 200° G, The platinum dipper vas-
cleaned by heating.to. reﬁness in a“Buﬁeen 1 me;‘it wAE:
cooled in air and. dipped in, the’ stearic acid.- The ' fert

-

+8lgns of preferential ability to, wet with c0pper were noted.

after 5% hourg of heating and’ ‘contitued for i1 hours.' The

- first signs of a;, fipite contact engle of stearic acild ba’

platinum were noted in 7 hours. the’ magnitude of the angle
inereasing with time until a totai of 11 hours. * With a ¢am-
ple.of stearic acid heated out OI contact with copper, the
firet signe of a, finite contact angle of the stearic acid on
the platinum dipper were noted in 22 hours., “ These results
appear to indicate that en oxidation product of stearilcacid
1s responsible for the preferential wetting of the copper sur—
face. .

Monomolecular 1afers ‘of ‘oleic acid were put on freshly
polished slices of a, (lOOY plane and pol crystalline cbpper*
and the contact engle of water measured 'y ‘the method of * '+
Langmuir. (See xeﬁerence B Ooneietent resulte vere ob-<1
tained with the (1.00) slice. the contact ‘angle of the wate
drop varying frdm 810 to, 840, ° 'ile regilts with the poly-
crystalline eliqe were not qo c0nqistent the magnitude of '
the contact angle varying from 48°to %1%, * mpparently with
the degree of polish,, Tge pOs ﬂible significance of these '
results will be coneide;ed inder Discussidn.'
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Garbonization
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T When a, singla cryetal of c0pper vas aLternately immeréed
in uwsed avzatian il at 200°°¢ and equeed+to air at the rate
of .15, times per. m nute. carbonaqqus reeidues of varying :
kinds depoaited gn the crystal,  The, nadturé of the ‘deposits
varied with the atmosphere abové ‘the liguid, and with the '
time and . tempergture, of heating ..o in atqoepheres of hydrogen
and nitrogen, neitber ca bon forme tfqn Kor etching occurred,
In atmoa?geres Q qugen or’ circq?ating air “colored lacquere
rapidly rmed referentially with plane an& remained fér "~
periods o time ‘up, to 20 houts ?efbre preferential etching "

.:started In etmoepheres 8" ﬂgill alr: “tHe results varied with

time. ag. describei in the foliowigg gafagraphs.
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. There seems, t0 be four, distinct possibilities:
i. Formation of a colored lchuer which g completely
irremovable

2, Formation Qf a heavy dark brown lacquer which can
be removed preferentially with plane
;f;l$, Formatiou of a heavy black deposit which can be
: Dreferentially removed .
4, Strong preferential etching without strong adher-
ence of the carbon deposits to the metal

Colored lacguer.- This formation oceurs in short inter-

vals of time, generally. in 3 to 8. hoursﬂ The crystal appeared
very bright and lustrous and exhibited .a rather ili~defined
interference. color pattern. In moving air and moving 6xygen,

-3

lacguer formation predominates for long intervals' - time,

cccasionally to 20 hours. In the latter case savere rubbing
with tissue-will 3imawce a.pathern, due to the.prefer ential
scaling off o¥ the deposit in tertain areas. he fact that

the areas whieh scale off in the (100), (210), (123), and
(110) regions are.swall.suggests that: the lacauer 15 predom-
ingntly oxide,:rsince these arcas are the mosu.ac+ive toward
.oxidation at.200° G, Oxygen and moving air may prolong the
life of the colored lacquer, since oil is a diiute solution
of gcld and the excess oxygen may inhibit the loeosening ac-
tion of the aclid. The initial rapid rate in oxygeu may form
a more compact oxide surfaece. which, resists the attack of re-
active acid molecules... .,
Heavy brown lacquer,- This formation occura in B to 7

hours, and the deposit is very defiuitely pre’erenmial in
1ts a2bility to be removed by rudding. A Prior to rubbing, the
surface has a dark brown, .slightly lustrous anpea?ance. It
does not resemble any coleor or texture u;'ox*dat*on in air
previocusly encountered. Ihe preferentiel rngcvao*l ty of
this lacquer has been enaountered in all stagss of ‘devel op-
ment, The various patterns developed with 1rcreeszng time
are: - . * &

1, A thin ring around all. (111) poles, passing through
the six (123) poles, is first removed. The re-
moved ring widens in time, occasionally most

. rapidly toward .(111), or most rapidly toward (100)
and (110) poles\

s
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2. iy rihg heist wid'ened' tho’ siich ah’ e€xtent that all the
. deposit is removed except a large square at (100)
v il ot and e swall direle at” (11r) poles. '

3. Lhe only depoait removed is a wide circular area
sﬁrroun&ing and 1ncluaing the (111) regioh,

4, All the denosit is removed except a small triangular
" eve aredrat the (111) pole.” Fhe patterns described
in (2), (8), and'(%) apparenily occur depending
on the rate of thg ring widening. descridved. in (1).
R RN ' -

In all caBses of heavy brown’ 1acouer formation the traces
of the used aviation lubricatlng oll etch pattern were becom-~
ing apparent.” - This fact indicate thaet the -method of deposit
:loosening is-a~diréct.attack upon the cepper~deposit inter-
face.. It apneafs that. diffusion thrbUgh tHe deposit snd at-
L back at the. 1nterface always Oecura most rapidly at the (123)
pole pesitions. ;

' The phenomenOn of heavy brown lacquer deposition defi-
nitely is not due to expanslon-contraction effects.  Similar
results were obtained ,if the crystal were wiped while hot,
agitated in'a sand-oll) nmixture bdelow the level o6f the oil,
wiped after cooling in 'alr, wiped after codling below ths
level of the oil, rapidly cooled in tap water before wiping,
and rapidly cooled 1n aviation 011 at room temperature | be-
fore wiging. - RN

i nos e ri-_.

Heavy black depostt.- Ehis tvpe of‘deposit only occurred

if etching had not occurred to an apprecliadble extent. It ia
noted in time intervals of the order of 12 to 24 hours. The
ease "0f removsl, "¥fn order of decreawing ease, 1s (110), (100),
and {111), Generally,'only g large area surrounding the ﬂf”
(2111). polle fetains its deposit after v1gorous rubbing with
tissue.:’ {See  fig.: 6.} It appears that this effect is largely
an "‘expansion-contraction effect since the heavy deposit is
only encbuntered after rapid cooling, the deposit appearing
like a frozen mass. If the crystal is wiped while hot, the
deposit, which”"would have been rigid if rapidly cooled, has
the texture and appearance of thick grease. Beneath this
readily removed grease layer the crystal has a dull gray
lacquerlike appearance. the lacquer being much darker at the
(111) areas.. -

mtchlng.q-When strong etching occurs no lacquer or
heavy black deposlt is encountered. Btohing will always oc-
cur in time intervals greater than 24 hours, but will quite
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oftenibcecur-ii-shorter ‘intervals of -time., The (11li)-planes
are developeds ' Apparently the occurfence of the preceding
four phenodmenais dependent upen the‘correct acid-~oxygen
ratio, the time inconsistencies being explained on this basis.

Lt TG Lman Ut oar L] TR PO S SO

P agatre Foaoan g0n Wear Experiments T

A polished copper single—crystal sphere was clamped in
& chuck attached %o a motor, rotated at 1725 rpm, and rubbed
with a strip of lead~feoil, a-:pattern of sriangilar dark gray
arcas in the (111) regions resulted. This was attridbuted to
lead which had scalefiz:off ‘the:foil.and preferentially adhered
to the (111) areas due to the predominance of slip lines in
these arcagy Sliptlines.vere readily visibleiunder a:magni-
ficgtion-0£-135X; and  in the .majority.of instances iead could-
be seen ¢ -have piled up kike-snowdrifite glong:these lines,
Similgr-preferential adherence:to the.(Lki) a¥eas-was -noted.
in the presenceief used aviatvion lubricating 0il =s indiceted
belowy :A4rpelighed qopper isingle-crydtal ¢phere .was attached~
to-grretatfing -mechantem-and -preéssed against .z-ledd-dheet. 1m-.
mersed +in ‘wsed ‘avighion lubricating 0il. hedted t0-200°:0;
The combact.pfessure was teguilgted by mésnsdf-d-gutde wire:
which ran-dver a-pgulkléy .tdia-balenge rpdeogevkich welghts -
were placed.: The sghere served as ranode and the “Lesd sheet
as cabhodejzand.a current..vas pde¢sedsthrough ‘the elreult. -~ -
When a load of 200 grams was applied:and-~current-ef 2,25 am+" .
peres at an applied potential of 50 volts, the potential
drop adrossstlye Yeadwcopper contaet svas 023 0:.0,4 violdd A
negligivle tamaunt. of recrateching "dud 3o .Y€ad gdherence:oc— = '
ecurred .- sHowever, when the load "was redwceéd-~to HQ grams, - fge
sparking oceurred-which apparently meltad “the lead iand caused:
it to adhere preferentially to the (11l ) ‘regions along the:@ :.
band of rubbing. 4 preponderance of slip lines was visible
in the (111) regions,
csedmivpont Leasac i, ni ocies ol \ﬁzi;ﬂ- Fnust e .
Several interesting facts were noted when the apparatus
descriqu:waamused ipthe Presence -of gtearic acid at 2000
to 8300° C. The results may be briefly summsrized:
.‘,a“_,‘_-,...,,._.,,.:- 1 ‘.:._.‘_.._, - " i._;,s ‘1-_:-."”‘".: TR f__.”-.
1, The sphere became badly scored and scratched in tinme
Foagsuadoe (5O bhter deposd:itiilon (of :copper: an'th'e lesd, “the
g i tiey osbragiching bthen being due.to tha rubbing oﬁ cop--'
St e per;-on coppieY, il sf b HEPI S S &.h"-.'f A & B I W AL i X

. g . \ . PRETENY ’ . .-' d -l
Py s e e Er e Inan -':,_},._,.____--

2. Sbarkrng readiﬂy‘naused -4tHe lead-.to melt and vd adq f
muiwa .-Here, tro. the- cappgr sphefe.w,, LT T R

EE - e SO A L3
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3. %hen a copper cathode was used and sparking céndi-
tions chosen, the stearic acid decomposed and
i_formgd a very thick adhqrent layer of carbona-‘:p
~:ceous materigl .

{
.: l't '--'.(." A ;-,-. . T [ e
: 4 under noqsgarking conqiﬁ;ons the le d rubbed off and

‘adhered preferentially 'to “the ‘roughest areas “of
the rubbing surface.

.
ER SR S N S WY S LS

Tixtures of an. Ogliness Agent and 8,
i:‘uchemical Polishing Agept '

Three qxngniments ware carried Qut at 200d ¢ with a
mixture of ;Q papcent stearic acid and 90" percent tricreayl
phosphate,,and tbree. with /90 percent stearLc acid ‘and 10
percent trlcrasmL phOsphata. With -the 10 percent stearic
acid, an etch pattern characteristh "of the acid formed in
about 20 minutes, and: an insoluble film formed in about l1
hours. Weight measurements indicated that avnreciable etch—
ing.took place until the film began.to form, but that etch-
ing was appreciably reduced by .this .film. . The 10 percent
phosphate mixture showed a greater film*forming tendency
than the ; 90 percent, In general, tricresyl phosphate ap-
peared tq reduce the preferential etching by the acid and .
produce a smoother surface, . .o .

With 5 percent stearic acild and 5 percent tricresyl
phosphate in mineral oil at 200° C, the ‘customary stearic
acld pattern appeared in 1 hour and the customary phosnhate
film in adbout 22 hours, In 24 hours no apprecieble prefer-
entisl etching was noticeable. i R

5 PprpéhtJbéii§$1ibvig;d_jg,T&io;ééjllPhosﬁhateq T
. e

5 Percent Fhosphoric 4cid in Tricresyl Phosphate,
and 5 Percent ﬁiﬁigf&!&oid in TfiéﬁééyiiPhSéﬁﬁate

An atfempt wae madé“€éqidentify thé etching cdmpound
present in used tricresyl phosphate by cqmparing the pattern
obtained from used phosphate with the pattern produced by a
known compound. Salicylic acid solution reacted like undi-
luted tricresyl phésphate, The phosphoriq acid solution
pitted the crystal but gave no definite pattern. The solu-
tion of benzolc acid produced .a .very definite_pattern.%ithin
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2 minutes which was similar t6 that obtained with used tri-
eresyl phosphate., This latter experiment suggests, dut does
not prove, that one of the oxidation products of tricresyl
phosphate is benzoic acid.

A Copper Crystal Plus 5 Percent Calecium Stearate and
§ Percent Tricresyl Phosphate in Mineral 0il at 200° ©

Two experiments were conducted using the alternate-
immersion~and-exposure~to-air method, and one, allowing the
crystal t0 remain in the liquid which was stirred vigorously
and through which air was bubbled. Blanks of 5 percent tri-
cresyl phosphate in mineral o1l were run at the same time for
comparative purposes. In the two alternate immersion experi-
ments the crystal first became oxldized and then etched pref-
erentially. No trace of any film was found on the ecrystal,
the calcium stearate appearing to function as a detergent.

At least, it prevented the formation of the usuel film, In
the experiment in which the crystnl was continually immersed
in the liquid, at the end of 24 hours it was covered with a
very heavy tar which was sasily removed by rubbing. When
the tar was removed, a definite etch pattern was seen and no
film underneath was noticeable as was the’case when calcium
stearate was abdbsent,

Etching by a Series of Paraffin Acids

In order to0 determine the effect of incressing complex-
ity of molecule on etching characteristics, the first experi-
ments carried out in this project were those on the etching
of copper by a series of paraffin ecids., Acetic, propionic,
n-butyrliec, n-veleric, and myristic acids were studied. The
crystals were alternately immersed in acid and exposed to
air at the rate of 75 times per minutée, Since the lower mem-
bers of the series boil at temperatures slightly above 100° G,
21l experiments were conducted at 100° C, Micrographs of the
major planes of the first four aclds were teken at the end of
3, 24, and 48 hours, micrographs of planes of the last two,
24, 28, and 72 hours. ©Each acid gave a distinct pattern, dbut
there appeared to be no systematic change in the pattern in
passing from one acid to the next higher member in the seriles.,
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_ Rearrangement Due to Action of Hot Gases

Very atriking surface rearrangements were obtained on-a
highly polished copper orystal due %0, the catalytic reaction
of zases at temperatures consideradly below the melting point
of the metal. Thg reactions were highly specific with the
ges.. . In some reglons very striking facets were developed,
in others, irregulaer roughness was 'obtained, while other re-
gions seemed to be completely unaffected. Such rearrange-
ments mey be of considerable importance to those parts of an
engine which are subjected to the action of hot gases, Not
only id-the‘ surface réughensd in some regions,.which would
inerease‘'wéar, .but a*consiéerable.amount of metal is evapo-
rated during these reactions, - Very etriking rearrangements
were produced on copper by.the reaction Between hydrogen and
oXygen at a ges.temperdture of 400% O, by ammonia and oxygen
~&t 800° "G, and by the action: of_ammonia»alone .8t 5000 €, The
sfqgle—crystal-methodlof'atudy ig especially suited for de-
tecting and following the course of such reactions, Photo-
graphs of a copper surface, on whieh the hydrogern-oxygen reacs
tion has taken place, are shown On figures 9 to 16,

Blectrochemical Reactions o

s
)

The electrodeposition of copper on a single crystal of
copper has been found to vary greatly with crystal plane. -
With an electrolyte containing copper sulfate and sulfuriec
ecid at & low current density of 2 milliamperes per sguare
centimeter for 450 hours, a single‘erystal in the form of &
sphere was converted into a polyhedron, exposing.largely the
(111) planes. At.& current density of about 20 ma/cm® the.
deposit followed the 'orientation of the underlying cryetal
in some reglong, but ‘in ‘others, new randomly orlented nuclei
were formed, .Thus, after . about 5 hours of deposlition, part
of the sphere wag covered with 'a single-crystal deposit and
part of 1% was .a polycrystalline deposit. ' If the current
density was increased .to .about 80 ma./oma the entire surface
became covered with - nolycryetalline deposit in a short
while, . . - . S . .

Galvanic aotion between two metala in agueous solutions
varied .with plane., When a 'single-crystal.'sphere of. copper
in a-solutlion of .copper sulfate. was''connected electrically

 to & erystal of ‘zinc in ginc sulfat’e ‘and the .two solutions °
connected by a bridge of potassium sulfate, copper was de-
posited preferentially wilith plane on the copper crystal and
zinc was etched preferentlally from the zino orystal. This
effect hae not yet been tested in oila,
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At LEAD

Electrolytic Polishing of Lead.,ef

L

Lead spheres were electrolytically polished as anodes
in a cell consisting of a cylindricel lead cathode in a 150-
nilliliter beaker. The solution was stirred vigorously, and
the current density was 20 to 25 amperes/sq dcm at a poten-
tial of 5 to 8 volts. TFluctuations of the voltage occcurred
at the polishling peint., This treatment gave a fine flinish
if the initial surface had been made smooth by mechanical
polishing, but it wes imposeible to rud lead with emery pa-
pers due to recrystallization. Small indentations- that
formed in-the syrfeceldiring growth due to air dudbbles were.
therefore, nreserved during eleotrolytic polisking,

The polishing liquid ‘had 'to be renewed frequently to
prevent the formation -of lead dioxide on the anode. Tarnish-
ing of the surface was reduced by removing the sphere from
the liquid before cutting off the current, and the sphere
was immediately placed in distilled water, washed with alco-
hol, and dried. in a current of warm ailr, " A clean, bright
surface was maintained for several hours.

Oxidagioh“

Faint oxidation color pat%erns as shown on figure' 23
were formed in several minutes: by heabzng lead cryetals 5
in air and oxygen at 150°t0 23509 .0, The patterns did not
consist of well-defined bright ‘ddlors like those obtained
with copper, but in general, lsad was oxidized only alightly
preferentially with plane. This: may be due t0 the tarnish
layer which forms so readily on the surface prior to heating
in air, _ EE
P 4
B e
MineraliOil
Mineral oil in an etmosphere .0f air.- A color pattern

consisting of circular (100) areas started to form at 100° ¢
in 2 hours and was véry ‘striking’at the end of 6 hours.
After 14 hours yellow«orange flakes began to scale preferen-
tially from the (100) :regions and in time the. entire surface
of the sphere showed this scaling phenomenon, The weight
loss in & hours was 0,004 g and in 24 hours, 0.,024g. Re-
sults at 200° C were similar to those obtained at 100° G, A
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color pattern of active (100) areas formed within a few min-
utes, and preferential scaling in these areas occurred in 90
minutes. In 3 hours the:éntire sphere exhibited this scaling
property. ZElectrolytic etching in the lead=-polishing liquid. -
after 6 .hourg heating in mineral oil at 200° C developed a
yellow circular-area around the (100G} region, The facts that
scaling started preferentially at the (100) and etching de-
veloped the (L00) regions indicated that the oxide, or the
mineral_oil-oxide complex, was thickest at these regions.,
The lods, In' welght in 24 hours was 0,028 g,

Oiliness Agents'

Stearic acid in an atmosphere of hydrogen.- At 200° C
in unpurified tank hydrogen e erystal sphere lost 0,015 g in
5 hours, In a comparable length of time in hydrogen purifiled
by passlng-over heated copper wire, the lead crystal lost
0,003 g, These values should 1hé& compared with 1,047 g lost
in 5 hours in an atmosphere of,.®lr, In spite of the small
welght loss in hydrogen, an etch pattern comsisting of strong
specular reflection from a large area surreounding the (111)
roegions was noted, Since this pattern was .similar to that
obtained 1n pure air, it suggests that the small welght losses
in hydrogen were due to traces of oxygzen.

. Stearic acid in an étmoaphere of air.- Lead was greatly

attacked by stearic acid, but the reaction was only slightly
preferential wlth plane. Orystals reacted very similarly =at
100° and 200° 0, The weight loss in 5 hours at 100° C was
0,3467 g and at 200°C; 1,047 g. In both instances weak
specular re:lections from the (l11) arsas became apparent
soon arfter the experiment was initiated, _Six narrow bands
radiating from the (111) pole had the power of diffraciing a
beam into colors depending upon the angle at which" ‘the sur-
face was viewed. The entire surface oﬂ.the-sphere ‘appeared
very smooth and only under inspeection gt..the highest magni-
fications could minute facets parallel to the (111) plané be
noted., When the crystal was railsed above th& level of the
liquid, the film of.liquid broke rapidly and formed into
drops which rolled off the crystal. S .

Five percent etearic acid in.mineral 0il in an atmos-
phere of air.~ The weight loss in 6 hours at 200° O was
0.406 g, and a pattern of specilar reflections from the (111)
regions developed in 5 minutes, remaining until the end of
the experliment, Drop formation occurred when the lead sphere
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was suspended aboyve. the level of the liquid, the drops appear-
ing. to, be. preferentially wetting the (111) regions. This re-
sult was uncertain since 'all drops rolled rapidly from the '
gsphere.

Oleic acid in an atmosphere of air.- Similar results

were obtained at 100° and 200° C. During the entire experi-
ment: the Lead crys tal.s remainqd wet when suspended above the
level -of the ligui, and“the-surface appeared wvery bright and
gmoothy =« When viqwed wWith & flashlight in a darkened roon,
very weqk reflections “Frof” rsolated minute epots appeared
normal to the (111) polds; &nd afffraction patterns of six
bands radiating from the (111) poles, as described in the case
of stearic aclq4 gpppared. Tha weight lose in 5 hours at

2000 C wes 8955 g - Pt bel e e

Methgl steara%e 4¥7an. ntrzosphere. of . alr.~:The weight
loss in 5 hours, &t 200° 0 was 0.852 g. . A pattefrn of specular
refleetions. from an’ eptire hemlisphers normal $p- the. (111)
planes deve10ped ih Beveral minutes and continued until the
end of the experiment. In one case when a copper supporting
wire was used, & thin film of copper deposited on the lesad
sphere, '

£y *
H

Polishing Agents

Triéresx}'ﬁhéspﬁ;fé ih"an: étmﬁéﬁﬁere of airs,~ Tricresyl
phosphate. prefe:entially etched a lé&d single*cryetal sphere
at 100%9.an8.200% ¢, .No hpavy' %acquér or surfgde film could
be detected.with. the eye.i The wéight ‘loss -8%- 100° C was
0, 0067 g im 5 haurs | and «0R4 g in ‘24 hours.- "A5°200%- G the
weight loes vas- O. oosa g in.5 héurs and o eozs &'ih 24 hours.

. k S HE R e .-'.._}.-., T ,)_l‘_
IR e it Li" _:--L It it

Gbmmerciai'bils ‘:“3 i boee s

- o 1.

New aviation,lubricatingioil in an atmosphere of alr,
Negligible weightilqsses,we:p,dg}eq}ahle at 100° ‘and 200° O,
The surface rapiﬂlyrbecame«ignk anﬂ.rqmqined so until """ the
end of the 24~hour-perioi.xp wrte ‘.r‘u-u~.- v ;
A " -

Used aviation lubricat;ng 011 ;pian atmosphere of air.
Used aviatiod lubricatinmg -0il. ver%dgl%ghtly ‘attacked a lead
single-crystal ‘sgHere at '100% C, fhe weight loss being
0,0008 g in 24 kours. -No:signe.qQf ehching qg carbon deposi-
tion were apparent, ! iThe.weight Loas in 24 hours at 200° (o]
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‘'was 0.044 g. 'N6 carborn deposition was visible, but strofig’
preferentidl étching ooccurred with the development of (111)
planes.

Amines

Daodecylamine in an atmosphere of air.- No 'slgns of pref—
erential etching appeared when a lead single-crystal sphere ’
was ‘subjected to the action of dodecylemine for 5 hours at
200° 6. The weight 10ss in this interval was 0,008 g,

Other Evidenceé of Preferential Etching

Striking preferential etching occurred in the following

reagents. - (1) Electrolytic etching at low ocurrent densities
in the lesd-polishing solution. {(2) Acetic acid- -hydrogen’ "
peroxide mixture. (3) Acetic acid-nitric acid-water mixture.

IRON B

Growth of Single Crystals

. Owing to the inabllity to grow large crystals of iron
by the conventlonal method.of’ slowly cooling, it has been
necessary in this study to make a special investigation on
the preparation 6f iron. " "Aft ‘the present time, irregular-
shaped erystale about 1/4°'by 1/2 by 1 inch have been ob-
tained. ~Since larger erystels have not yet been grown else-
w88 ‘us - far a8 can-be determined and since -the subject is
of interest to the science of metals, a brief review of the
present state of this subject is included along with this
description of results.

It was originally thought that large single erystals of
izon could not be grown by slowly cooling the melt due .to the
fact that iron changes 1ts erystalline structure at about .
900° ¢, thereby converting any large corystals of one kind »-
which might have existed sbove this temperature into small
crystals of another kind..! ILt.has been shown that such a
change does take place when the metal is coocled without gspe-
cigl treatment, Furthermore,,single crystals of 3-percent
silicon~-iron alloy, -whieh does not undergo a phase change, |,
have been grown by slowly cooling a melt, . - o,
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Prior to 1924 4t had bsen fouhd that if carbon was re-
moved from iron-or-steel and the metal deformed in some man-
ner, such' as by stretéhing or.rolling or-even’'stamping, arnd
.then heated-for'at:least several hours at a temperature close
to but below-9009:0C, abnormally ‘large grains grew in the de-
formed region: %iIn: the middts twentles, Edwards and Pfeil-
(reference-4)-and:Gries and Essér: (reference 5) made exten-'
sive studies of the formation of these large grains. They
attempted t0 remowé fhe: carbon from the iron by heating for
long _periods in . hydrogen ‘at temperatures - from'950% to 1050° C
and foynd it very @ifficult %o remove‘thé“éarbon from the
interior ;of ~thick:plecesd of the metal. ' ‘Thin strips, about
1/8.4inech .thiek,; ~finablywere adopted. ‘After removing the
carbon the*bar&‘weregaeformed by ‘pulling or rolling and final-
ly annealed -in hydroger:at temperatures a little below 880° C,
Both groups were . able t0 produce fairly large grains some of
which extended ‘severak inches along 1/8- by 1/2-inch bars and
ocecupled the entire cross. section. There were always a few'
tiny crystal. grains imbei&ed'in the large ones. The two groups
wvere not. in. icomplete .accord as to:the detalls of procedure,
especlally .the 'exget .amount of deformation, Genesamer has
recentlmﬁaﬁﬁgmpﬁed;to,repeatwtwe work of Bdwards and Pfeil
and found -that,.The preparation of large erystals of iron
by this method. is. much more difficuld -thlan it ‘appears to be'
(reference G)b He was answvieccessful in applying this method
to the purest- availabia Aron and found "4t ‘neceesary to de-
carburize mild: steel: in-hydrogeh:«for over 2 weeks. The pro-
duction of.the erystals- was. found ito be somewhat sensitive
to the manner in:which.the:metal was:codvled. The best crys-
tals were only.3/4-inech long: &nhd not quite 1/2 inch in diam-
eter. In accord with-the: other: eiperiments it - was impossible
to avoid a number of minutexcryetallites 1n the large crystals.

AL AR T Ea I v

In 1984 Tangerding (referenge 7) showed that, if one is
working with:suffjciently pure $von, theistrain in the die-
torted crystal labticeiat-the" grain: Boundarieés may be suffi-
cient to.promote grdalnigrowthuteta ‘markéd degree. 'The re-
sults also,indigated:that: ‘tmpufities other thdn carbon may
have a marked influence-upon singleserfetal formation. More-
over, Cioffil of-the.Bell Teléphoné -Latbératdries in a private
communication deseribves gxperiments which ‘éhow that by employ-
ing the.proper..method jand “tHe proper kind of iron the strain
produced in goling f£nom the~gamma to the alpha phase is suffi-
cient to @roduce &nhance¢_gnain growth.

wrl b b

In, all th& foregoing‘studies the purpoae hasg' been either
to find Mhat measures .might :be: taiten to ‘prevent grain growth
or to produce graing satisfactory for wtudylng the magnetioc
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" properties of single iron crystals. In no cases have grys-
tals been produced which would be satisfactory for machilining
into spheres for chemical study, and 8l) crystals produced

" have contalned imperfections in the form of tiny crystallites,
The conditionse under which any particéular piece of iron will
yield large crystals have not been established nor is there
_any satisfactory explanation for the observed grain growth.

.. In most of the etperiments conducted in this laboratory,
"tha. method of Edwards and Pfeil has been used. The metal
employed was a cold-rolled steel, containing 0,08 to 0.16
‘vercent carbon., It was decarburized in moist hydrogen for
periods varying from 18 to 72 hours at temperatures varying
from 950° to 1050° C, elongated from 1 to 4 percent by in-
crements of 0,5 percent and annealed in moist hydrogen for
periods varying from 18 to 48 hours. All combinations of
"thé preceding factors have by no means been tried. The
.&reatest trouble has been encountered in removing the carbon
from the thick (1/2~ to 3/4-in.) rods. . If the steel had not
been decarburized long enough, the carbon on the interior
prohibited grain growth, thereby producing a rind of very .
large grains about a core of minute ones. Grain growth
stertes at the surface of the bar, and the grains proceed to
grow radiaelly toward the center, The trace of carbon and
other impurities in the grain boundaries is apparently pushed
ahead of the growing grain and is concentrated in the decreas-
ing boundaries until sufficiently concentrated to stop grain
. growth, . Further heating has been found to have no effect on
grain gnowth This metheod, which at present has produced
grains 1% .{nches long and extending to the center of a 5/8-
inch rod, should be studled further to determine more exact-
ly ‘the optimum strain in rods which have been drastically
decarburized A few experiments have been conducted with
Armco 1ron using this same method without success. Thls pos-
gibly may be attriduted to a poor initiaml.grain size, Other
experimenters have found that good results .can be obtained
531y with an initial grain size of 120 t0.140 grains per
square millimeter, and the Armco specimens studied had an
inltial grain size of about S0 grains per square millimeter.
It may be possible to produce smaller grains by sultable de-
formation and heat treatment. Preliminary tests have been
made on_ Tioffi's "gamma~alpha strain"' method; and a decided
graln growth had been.obtained in large -bars of Armco iron
withOut any mechanical strein.  The grains -produced were not,
however, larger than 1 square millimeter, To determine
whethe# or not this result could be attributed to unremoved
carbon, 1/8-inch slices of 3/4-inch Armco rod were heated .
for geveral days in molst hydrogen at lOOO° ¢ and after
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annealing af, 880° ¢ for about a day yielded grains which had
grown thIOugh the slice and occupied. as. much as one- fourth
its are: Cioffi found it necessary to heat the bars to’
14800 ¢ in order to remove Batisfactorily the carbon fiom
thicker specimens. A molybdenum-wound furnace 1s now ander’
construction 1n order to use this method,

Carbonyl and electrolytic iron have been obtained in
order to study further the gamma-alpha strain method and
also’ Tangbrlipg s method of employing the strain normally
found at a grgln boundary. . R L TR

*TO“detérmine forther what receni'WOrk'haérbéen done in
this country on the growth of iron erystals, correspondence
has been carried on with the research lasboratories of United
States Steel and Westinghouse Electrxc & Manufacturing Com~
pany, neither of which has done mueh work in this field;
also with the laboratories of the Bell Telsphoneg Co. and the
Garnégie Ihstituteof- Technology, whose work was described
in this discussfon.- -
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Very bright and smooth surfaces of iron were obtained
by the "dléctrolytvic polishing metlod of Jacquet and Rocguet
(reference-&f": Mechanically :polishied iron spheres - ‘gerved aé -
anoder:dn-ia wcell consisting of: 100 to 126 milliliters ‘of the’ :
polishing 1iguid /in & 260-mi11iliter bealker, - -The catlode *- "~
was a cylinder: of :aluminum wheéet fitted inside of the beaker.

. - R HO ' W .o -

The. gell: was. immerised 4n = bath of ice watdr For main%aining ot

the stemperature dbelow. 26% 0, and the svlufifon” wae stirred
vigorously.: v The pgii%hing medium ‘consistdd ‘of: acetic anhy¥”
dride. = 76451 percent,’ 70~percent perchlorke &cid =~ 18,5 per
cent,aand distilled- water -.5 percent’ by volume~- The- currbnt
density waﬁ.& to: 6. amperes/sq &cm at a poten%ial of 25 to 30
volts:, i AN AR v SO LA N SN £
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Oxidation
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An electrolytically polished: polycrystalline disk of
Armco iron was annealed in hydrogen at §50° C and oxidized
in air,;forgyseveral:minutes at-256° §,-.Misrodedpic ‘examina-
tion.jndicated that definite.colors were associated with
each crxstal grain, the color -depending -upon the-orientation
of the ggain. 4. apherq consist:ng af rsevergl-.large single.
crystals was treated slmilarly -and oxiiized for (3 minutes at
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300° ¢, Definite patterns were visible on the three larger
grains,,but it was, impoasible to identify the most active
regions, It may be concluded however, that the rate of
oxidatlon of iron is highly preferential with plahe,

e Mineral Oil
#hen a sphere containing several large grains was al-"
ternately immersed in the liguid at 200° and 300° C and ex- *
posed to the air above, color films were obtained similar to
those obtained, in pure air.  No etching occurred within 48
hours. _ . - _' : L

diliﬁesé Agents

Stearic acid in an atmosphere of hydrogen.~ Preferen-
tial estching occurred in 3 hours at 2000 O, although it was
impossible to identify the planes developed due to the small
size of the grains. The sphere remained entirely wet in an
atmosphere of hydrogen, .and the loss in weight in 24 hours
for & 9~gram erystal was 0.0197g. "No pitting occurred.

Stearic acid in an atmosphere of alr.- At 200° 0 in 24
hours the weight loss in a 10-gram ecrystal was 0,266 g.
Thus the lposs in pir was approximately 14 times that in. an
atmosphere of hydrogen. Btching along certain planes was |,
obtained, but the most striking. fact about the experiment
was the predominance of a large number of; uniformly dist:}bf”
uted plits over. the entire surface._'Etching within the pits :
was also preferential. as shown by parallel ridges visible . o
under theg microg.cope.. Oolor filmse. could be seen in the.re-
gions immediately pdjacent to the. pits. indicatipg the. pres-~
ence of an oxide film. This fact suggests that etching in .
air depends in part upon electrolytic action between the 0X -, .,
ide-covered region acting as cathode and the pit acting as
anode, . The nature of these pits should be studled further.

~Folishing Agents L Sl
Tricresyl phosphate.r A preferential oxide color film
formed -oh the surface in.several hours at 200°% 0, and within
20 hours a’ heavy black sludge formed. which waa*readily re~ '
moved by agitating below ‘the level of. the. 1iquid.r A slight
gain in wedight in. 24 hours was noted, .- A
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. Commercial Oile

Unusegd av;atiOn 601l.~ When the sphere was alternately
immersed in liquid and exposed ‘to ‘al'r, a preferential oxide
color film formed in several hours at 200° C and remained
until the end-of the experiment in 24 hourse. No etching was

_vieible on the eurface. and the weight change was negligible.

Used aviation 61l in - atmoepheres of carbon dioxide and
_hxdrogen.~ No 'etching or color films occurred. at 2000 G, The

sphere remained bright and shiny and the weight 1oas wae neg-
ligible. f.,i_, cel _ L v

Uged aviation oil in an atmoephere of air.- No sign of
etching or cgrhon deposition was noted after 48 hours at 200°¢C,
A preferential oxide color film formed in several hours and
Téhained” to. the ehd of the experiment in 48. hours. At 300° C
h-@referential-color.film formed in 5 minutes, and within 2
hours the surface became.covered with a heavy, greaselike
secovering which was readily removable by rubbing with tissue.
- When this. layer was removed, the surfadce was covered with a
- blaek, lacquerlike covering which eouid; not be removed with
'“-tnpense rubbing. ;- The sphere- gained 0,001 g in 24 hours.

ot

ipieﬁiaoement=of One Metalify Anotheg'

A polished iron sphere was pleced in a solution of copper
stearate in stearic acid at 2009 G, Copper deposited on the
iron very rapidly but no signe of preferential action were noted.

( ]
o '_Rear:angement_Dﬁe to Hot Gases

Lavic

A poligshed iron sphere consisting of several large crys-
tals was heated at 4409 C in a stream of a- 5:1 mixture of
hydrogen and oxygen for 48 hours. Microscopic examlnation
indicated that the surface had recrystallized into a number
of small gragins of approximately grain size ¥o, 5, A.S.T.¥.
-3 . Bpeéclifications, " The surface gave .the impression .that a
v strained film firdt had developed: on the surface and that
later ‘1t *had uniformly .enapped, forming -2 number.-.0f crevices
: whieh sernved ‘as grain boundaries, :Biching for -5 minutes in

- concentratéd hydrochloric acid reﬁoveﬁ these -small. . grains.

.' e

Sinc& tha eize of. the iron crystals hae not, been of suf-
. ficient size for the proper identification and ‘study of the
#2. + erystdl reglonse, “these reeulﬁs with iron should be consldered
st as preliminary .only. P . :

: v
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ZINC

..“'--

- A few prel;miqary-resultg_were_obtabgq¢.'

e R L T ) . vt v . . . e
- e B . 1.

ff¢ o Machinihg of r'*inc:
.ll - ‘l f" o . P
'Due to recrvstarlization and ‘gaseof dhearing, great
care must be used Iin machining zinec., A number of single-
cryetall rods wag destrored. . Several sphares wére groWwa in a
smalljsphericnl'gIaSS“vessel with a shnft ‘extending £79m "one
slde, but. the best spheres  were finall;, made dn -the lathe by
meking very, very fine cuts with the cutting tool. s

ﬁlectrolytic Polishing RS

Zinc was’ electrolytically poliehed by a mddlfication of
‘the method of Vernon -and” Stroud. = (Ses reference 9. b The
cell consisted of 785 milliliters of & 25- p°rcent solutiOn of
potassium hydroxide in a 150 mi’lllite“ bea cer with ‘a c"lin—
drical’ Einé cathods.” The" solut101 wa's agitaucd by, paesing
air through it, and the rrysuel vas’ supnoztnd Shafu downward,
by & zinc wire, - Thé current density was' B0 a?pereg/aa dcm at
e potential of 6 volts.’ At hikher ocurrent dehsitlies the sur-
face became roughened due to adherent gas bubbles, while at
lower current densities preferred etching .occurred.

| Oxldation T C
Faint preferential 4%10%" £films - formed on heatlng in air
at 300° C for 24 hours. A hexagonal resion surrounding the
(1000) pole appeared to, be the most .active, and there was no
fine structure to the pattern.

1 e o K . . [ vt [

* .

O;linesa Agents L .

After immersinglfdr?l Kofir "fn gtearid dcid at 200° c,

the orystal, weighifg® ‘18 g and - having a total surface area

of 7 square centimeters, ‘1ost 0,540 g Deflnite prcferential
etching ‘along -the '(1000) planes'was obtained immediately ' -
after 'the crystal ‘was placed 'in ‘the 1iquid but thig becdme
less pronounced with ‘time and’ the eurface ‘Decome rougheﬂed
all over., . When the ‘sphére wad raised -out Of the liquid, it
remained wetted during the gonrsge .of the experiment, :

When a sphere, which'showed pronounced slip lines due ‘
to’ machining, wes pladed ‘in ‘stearic adid 'at 2000 G 1nqreased
reaction as shown by excesgive evolution of hydrogen could '
be seen to take place slong these lines.
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Galvanic -Action

Galvanic ‘etching of -a zinc .crystal .has been desqribed
previously in tha section on. Gopper. ot P

faa

Formation of Slip Lines

Slip 1ines parallel tq the basal hexagonal planes oc-
curred .very" readily when 2zing crystals were scratched or
pricked with a pirn. .Striking pressure figures, consisting,
of three main slip lines making angles of 120° C.with each’
other, were obtained when a pin was pressed into the hexag-
onal plane. Simllar lines-also could be seen on two sec-
tions of the crystal which had sheared apart in machining.

B P, _—

RN Preferent*al Recrystallization

Nhen a, sphere, which had been machined from a bar, was’
electrolytically etched in polishing solution, it was noted
that preferential recrystallization had occurred. Two bands
of small crystals, abauty @ millimeters wide and 14 millimeters
long, ran parallel to the cleavage planes near the top and
bottom™ of the crystal,’ -Etching for 10 midutes at a current
density -of 50 amberes/sq dem. removed these small crystals,,
and the entire'surfece exhibited a crystalline character..

NIGCKEL
A few preliminary results . were obtained.

LA S Eleotrolytic Polishlng et

Bright and smooth surfaces were obtainei by- electrolyt-.
ically polishing in af sulfuric -acid solution, 75 percent by
welght.: The cell comaisted- of. a 250-milliliter beaker con-
taining 100 to 125 millillters of the polishing liquid, a

¢ylindrical aluminum~catho¢e, .and. a stirring mechanism de-
signed for moderate azitation .of. the liquid, Agitation was
necessary in order to prevent :sewere plitting due to adherent ~
gas bubdbles., ' The nickel sphere, supported shaft upward by .
means ‘of a niekel wire, 'served: as. anods,. and the current
density was EO amperea/eq dcm at. & patential of & to 8 volts.

v ..
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" ‘Geidstion

A drilliant’ oxide color pattern, very much like that
initially obtained with copver, formed at 4500 C in air in
- 30 minutes and remained for many hours. The oxidation was
very preferential with crystal plane, mhe coloreg of the
various regions after 3 hours oxidation in air at 450° ¢
were as follows: (100) and (210) - purple, (111) - blue, .
(110) "= dark brown, and (311) - straw. This indicates that
the oxidation rates at 4500 ¢ in order of decreasing rate
were:  (100) and (210), (111) (110), ana (311)

‘bilinésé_Ageﬂts

A faint pattern due to preferential etching and rough-
ening appeared on & nic el sphere when 1t was immersed in
stearic acid at 200° u.*“The (111) regions were the smooth-
est. The loss in weight in 40 hours at 200° C was 0,015 g,
It has‘not yet been tested for preferential Wettirg.

Rearrangement Q@e_to Hot Gases

A rearrangement pattern due to catalytic reaction of
gases was vfsible'pn'the'surface of a nickel crystal after
heating for 3 houre at 420° 0 in & 5:1 mixture of hydrogen
and oxygen, Paint specular reflections were spparent and
orystal facets were visible under the microscope at & magni-
fication of 600,

v, DBISCUSSION

Before discussing "thé individual results, a few prelim-
inary remarks should be made about the general nature of the
experiments., These experihments: necessarily have been of an
exploratory or gualitative nature for making a general sur-
vey of any factors which might enter into the chemical reac- | ,
tion between 0il 'and metal surface. Specisl emphasie has
been placed on the influehce of crystal plane. 4An attembt
also has been made- to obtain information of other types which' .
might be related to’ the subject of friction gnd wear and ot
which would lend itself’ to the single-crystal method of
study. Until the 1mportance of these factors could be de-
termined and their’ interrelationships understood in a quali-
tative way, 1t seemed undesirable to attempt guantitative
studies of any one of these factors, Obviously, the entire
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time- of a small group during l year could be devoted to the
careful study of thé influence of any one o0f - thess factors,
such as crystal plane and surrounding gas, on any one of the
processes, .such as etching, wetting, and roughening, with
any -one of the 'g{X metals. .Thus, a large number of varied
tests jhas been made to determine weys in which crystal plane
might influenoe surface reactiOns.

It is believed that it is fair to say that the over-~all

y ‘purpios e of this proieot. in. relationship-to the practical

prodblem Qf reducing ‘Tridctlon and ‘wear iw aireraft engines,
s1gly vc'determine as far as possible, "the principles control-
ling- tha,chemistry ‘0of the oil-metal 'interface. This informa-
tion is required ifvorder to point out thoge factors which
must be taken into consideration in the design ¢6f new ma-
chinery having decreased friction and weatr, . It 1s belileved
that these studies have. indicated the importance of crystal
plane and surrounding ZBS. Although the immediate applica-
tion of this knowledge was not a definite part of this as-

" signment, yet the giestion well ‘may be asked -at this point,
-~ 0ould, £niction and -Wear in. lubricated ‘machiinery be peduced

by ‘a.- control of the crystal- plane and if 'so, :is. 1t possible
to control the plane?!: The ,answer to 'the first of these-
guestions is that the plane and’ surrounding gas. have been

" shown. to.bg importsnt in studies with isolated metals dbut

that, only further tests with rubbing parts can determine
-whethen friction and wear would be reduced by a control of
plaue.r The answer t6 the second . questiOn will depend an the

"partieunlar planee which  .:are desired, - Machanical treatment

‘and . addition agents in electroPIating can be used to obtain
special orieptation. of surface crystals. (See reference 10.)
Furthermore, if ah appreciadle improvement could be. obtained,
it is believed, from the ewperience of growing crystals in
these studies, that very large crystals could be Br.own and
any desired face cut.

However regardless ef the practical applications which
the control” of crystal plane may have. it should not be lost
gight of that ‘the chief use of this " method is to. study the
properties of the metals. and to obtain information on the
mechaniem of surface processes, pnysical and chemical, The

P results, will now be discussed. *

Considering the metals in asceﬁding order of their po-

.8ltion in electromobive series “diibrief comparison of their

reactivities at- 200°% -G is as follbwsp
-’-_-’( -

(a) In en atmosphere of air,- Silver, as would bei
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expected was vsry unreactive and not appreciably etched by
any. of the four types of. oil, _It was the only ome of the
four metals studied which was complstely:wet on all crystal

..iaces by stearic acid in air.

The reactions of copper were highly preferentlal with

",plane. These included oxidation in air and etching by min-

.....

"eral, oii ‘oiliness .agents, .and commercial oils, Roughness

of the strface produced by etchino‘also varied greatly wisth

.blane. ‘Chemical polishing ag ents, when new, formed protec-

tive, films but, after being. heatea in'air for about 24 hours,
etched coppexr greatly and preferehtially. , Steariec, myristic,
and palmitic. acids: wet some planes and not others whlle the
unéaturated acid, oleic acid, wet all the planes .completely.

l:Thé formation and removal of carbon deposits in uged avia-
tlon oil vanied with rlane.

Lead was hy far the most greatly etched of the four

Qfmctéls studied. It was deeply etched by mineral oil, stearle
;acid and .used aviation bil.p The reactions were onlysllghtly

preferential with- plane except &t lower:.temperatures when
slow rates and: preferentlal‘etching were obtained. Lead was
hot readily wet on any, of the erystal planes by stearic acid,

‘and no appreciable carbon deposits formed in ueed aviatlon

oil.

Only small crystals of iron, about 1/4 inch in diameter,
which are not entirely satisfactory for test purposes, have
yet béen obtained. Preliminary results:indicated that iron,
in general,; was not . greatly reactive, ‘but the weight loses
wvith stearic acid was appreciable and pitting was pronounced,
Oxidation in air and etehing by stearic acid were preferen-
t1aY ‘with plane. It was not wetted readily by stearic acid
when raised above the liquid.

-
‘Pheé ‘Fesults of- these chemical studies, including weight

.loases, ‘are summarized 3in the following tahles. .The welght

losses are useful for comparative purposes only since they
repressnt composite values for the many faces exposed on the
surface of a sphere. Results are given for 2009 O, Results
at 100° and 300° ¢ are, 1n general, similar, with correspond-
ing differences in rates.’ ;
W

‘(0¥ 'In an atmosphere of hydrogen.- The :elegctronegative
metals, silver and copper, were not etched appreciahly, and
the welght losses of the electropositive metals, lead and
iron, were small fractions of the loeses obtained in air,

DTN,
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For example, the loss with copper in stearic acid in air at
200° C was 5.47 g/esq dem/ day. In an atmosphere of tank hy-
drogen the loss was 0.0017. The loss with lead in zir was

60 while in tank hydrogen it was 0.86 and in hydrogen puri-
fied by passing over heated copper it was 0.17, The surface
of all four metals was wet by 2all the liquids, and no carbon-
residues formed, the ligquids sappearing to be unchanged at
the end of 48 hours.

With the exception of wettlng, preferential reactions
gsimilar to those obtained with single crystals were identl-
fied on the individual crystals of polycrysitalline specimens.

Silver was conspicuous by its nonreactivity with oils
in the presence of air. Although referred to as a "noble'
metal, 1t should not be concluded that it is unreactive with
respect t0 all compounds, especially gases. Its unreactive
quality may be largely attripvputed to its failure to be at-
tacked appreciadbly by oxysgen, dbut it is most sensitive in
1ts preferential reactlons with iodine vapor or in solution,
with chlorine, and with sulfur -compounds. The successful
use of silver as .a bearing is probabdly largely due to its
reslstance to oxidation, indicating the importance of the
chemical properties of the surrounding gas. If oxygen were
not present, the chemical nature of many metals would appear
to be quite different. It is interesting that a highly pref-
erential color film was obtained when slilver was heated in
new aviation oil, This may be due %0 small traces of sulfur
compounds. The resulits with silver suggest that gold, at
least as far as chemlcal attack is concerned, might be bene-
ficially used in rubbing parts. The complicatsd nature of
surface reactions was 'shown -in experiments with silver by
the preferential formation of gelatinous films with mineral
0il in an atmosphere of air. No such films were formed in
air alone or ln mineral oil from which a2ir was excluded. Ap-
parently a complex of silver, o0il, and oxygen first formed
which ecaled off, leaving the surface increasingly rough.
The complex than decompesed, giving free silver which depos-
ited on the walls of the flask. All the reactions with sil-
ver, which were found to take place, were preferential. with
plene, _

‘Copper was the moet highly preferential in.ite reactions
of the metals studied. Since oxygen was known to accelerate
greatly the attack of a copper surface by oil, as a starting
point, experlimente were conducted on the attack of oils in
an atmosphere of hydrogen at 100°, 200°, and 300° C, FKeither
the basic hydrocarbons nor several types of addition agents,
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1es slightly |color filx. (prsfarantial |etchlng. etohing after 31:511 facea are
with plans. Particles at 300° 0, 3 days. erential, wetted. In
Faint color acale off but baacmes hyérogen all
film forms in jcertain re- |so at lower Negligible faces are
few minutes. |glons. rates. (111) logg in 1 watted.
developed. day.
Extrapolation
0.29 lops: 80.34 0.04 0.53
Iron |Oxldation Preferential |[Preferential |Preferential |Prefersntial |Praferentlal Same 23 lead. |Hz + O reaction
variss great- (oxide color |etching plus |oxide fllm. |oxlde film. [oxide film. at 4400 O causes
1y with plane |film. daep pits formation of
as shown by formed over seall cryatals
color filme. surface, at surfaca,
galn of gain of
0,000 4.18 0.005 0.002 0,000
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by-themSelves.-attacked the copper surface. When a copper

ystal was heated-in mineral.oil in air, it was surprising:
tc find that, the copper crystal oxidized in a manner very

“similerito. that obtained in pure air with no o0il pressnt.

e

-

‘¥idual. greaeins:, cen,he,idﬁntified by the appearancg 'of Whe sur- ,

The réakte-of oxidation.was, of course,. considerably slower,
Apparsntldy:oxygen readily diffused through the 0il surround-
ing the’'erystal and reacted with K the cryetal ~+Mhe acid econ-
stltuentss  of the 04il reacted with the oxide, producing a
faint: eteh: pattern. - Blowing air. thrcugh the wil grieatly ac-
celerated: this .etching bacause of the more rapid oxidation
-ofi.the- 0dd,- As. -the..pil. began to form g tar, ‘thHe deposition
of the. tarny material varied with the oxidation pattern.

ive Dhis weariation in pexidation with cerystal plane is of the !
-greatast -importance in cqntrolling the action of o0ils on a

metal. surface.: Im an .aqueous solution the effect of oxygen

has been shOWn previcuely to be important (See reference

11.) If copper was immersed in water through which carbon

dioxide was: bubbled.and. exposed to air, the crystal was

et:ched preferentially at room temperature. "I carbon diox-

ide ;and -hydrogen were passed, thréugh no etchfng took place..

r.The 'etching ~was ettributed 50 twd’ reactlons;"the oxidation

of the-copper.and. the reaction between copper oxide and car-
bonic acid,~or lched at. in anqther vay , the oxygen removed
‘the hydrogenqxthereby facilitating the solution of ‘fhé" ¢opper.
The .same - type.0f.reaction has been found to- take place with
lower: members(of the fatty Lactd eeries,.acetic, proPiOnic.
and’ others....Therefore,.it would be .expected that the oili-
ness-addition agents, stearic gnd oleic acids, would etch
copper prefgrentially at 1000 g.or higher in an etmosphere
of.air... Not only 4id the rate of etching vary with erystal
pléne, but - the roughening _ef. the surfece varied greetly with'
plane. ! Although the etching action could account’ for the re~-
moval of an appreciable emﬁunt Of material. the preferentia1
‘eount for even. more, due to. increased wear betwekn the rough
surfaces.. Figuree 2. apd 3 show the preferential roughening
‘0F: the surfece with, crystel plene.: Figure 4 shows the- varia—
+ion: in rougheniag, on the individual grains of &' polycrystal-
‘line; purfaces- . It appears that thelorientation of ‘the  Andi=

face, although X~ray. exam;natigpiig require& to cdﬁfirm this
conclusionﬁ.uy LIV S . ot
. Loy D Lol red ,.".:":.'.'_’,'. -.'z.*" f,': oo

e oo

The etch pattern produced by stearic acid’changed dur—
ing a period of 6 hours until a characteristic pattern Wa'e's
obtained.- By,renewing,the acid BYery, 3 hours, it was shown
that the change in pattern was Hot pﬂoduced by ‘the changing
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composition of the .acld .over a period of 3 hours. There s~
no reddy eéxplsnation for this. One possible explanation :is-:
that "étohing ' 1s dependent on.a certaln critical angle between
the geometric surface 'and 'a particular crystal plane -aa shown
by thHe fadt that sometimes facets parallel .to the (111) planés
wiIl be'deéveloped in the (110) regions and not in the (100)

or even the (111) -regions. Thus, as the smoothness of the .-
surface is chariged due t¢ etcling, the etdhing characteris=~ -
tics may change. Another possible explanation 'is that some
matertal is slowly absorbed from the decompodsing stearic acid,
and thid may change the etching characteristics up.to a cer-
tain point. These changing patterns which .aré sometimes pro-
duced by other reagents are often more apparent than real.

" The "fact that an etch pattern was obtained with stearic
acid in ‘the présence of chlorine gas, showed that an electro-~
negativeé gas will promiote the etching of an acid of a metal
beléw hydrogen in the electromotive series.

- Less time was spent on experiments with the polyhedra
preépared parallel to special planes "than was at first planned.
As previously pointed out in tho proposals for this project, .
thé resnlts with polyhedra can have at their best only limited
meaning. The surface .which roughens mdy appear to 'have the
-greater rate dus to the fact that ‘it exposes a greatesr 'sur- "
face while actually 'it may have a lowexr rate per unit :of area
expagsed, Furthermore, 1t is impossible to e€liminate corumers’
and ‘edges which may 'have unusually high rates of etchings
The réasons for .the . inconsistency bBetween the two sets of
experiments ‘with the polyhedre possibly medy be explained - as. -
followe. : In ‘order to speed up etching and facilitate mare
aceurate .weight medsurements, the crystsls were alternately
inmmerged :in liquid .and exposed-to the atmosphere above, ., The
redte 'ofretching posgibly varied with the manner in which 'the
polyhedrd entered end pasged through the liquid., The ‘rate: -
of- flow of liquid past the erystal will deperd on whether a -
corner,; edge, .or face entered the liquid and on the shdpe 'of-
the polyhedra. Also :the rate of etching 'will depend on the ' -
wetting ability of the various faces, and it could be essgily
seen in these experiments that the adherence of drops to the
surface varied with the plane. -These experiments should be
repeated with the erystal continvously immersed in the liquid
in order to prevent any variation in the flow of liquid ad-
Jacent to the crystals. The duration of the experiment must
be ‘Incdreased .in order to obtain sufficient etching for ac-
curate weight measurements. : ' ’ '

The ability of a film of ligquid 'to rearrange into -
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deflinite drops at particular regions of a erystal has been
designated by the term "ability. to wet," although it is not . ..
certain that" this is, the proper: olassification.' at least '
the film which temporarily forped.-on- the surface broke and
receded to" definite Positions symmetrically arranged on the
sphere. It is not known.3o vhat extent all traces of ligmnid
were removed’ from. the bare regions but they. appeared to be
completely dry as compared with the large drops formed at
particular positions., The photograph ¥n.  figure 6 in which’

the dropd aré éhOWn .a8 four large ,black spots does not ade-
quately 1llustrate this striking experiment This photograph
was tgken aiter the crystal had been removed from the flask
and cooled _and the drops of-stearic acid had golidified. .

The failure of the dr0ps to. form in an atmosphere of hydrogen‘
and their immediate, formation in pure ox¥gen- indicates that
oxidation plays a, controllipg part.-. ' This is also borne out

by the fact that, in,order t0- initiats the formation of the

drops, 1t is ﬂomn'(-ﬁmgn necessary to allow the crystal %o

ISR 22 -1 (=

stand in air- above the ligquid for about a minute. The forma-
tion of- drops in a few minutes in an atmosphere of pure oxy~
gen with new stearic acid indicated that no decomposition
product of thé acid, at least over a period of about 20 min-
utes, was resp0nsib1e for the ,phenomenon. The inability of
the drops to form when the temperature .of -the liquid was be-
low about 160° € may have been due to .the eléw rate of oxi- | ..
dation of the surface, or the slow rste of Fformation of some .
oxidatioﬁ complex, below this temperature. The shift in the .
formatidh of! the drops from the (111) regions to the (110)
with time’ may have been due. to: the final formation of many
facets at the (110) regions whieh were approximately parallel
to the (1119"planes. Thus,.if the steariec ecid molecules

were att?hcteg to the,h (111) .planes, they mey ultimately have
been draWwfi“to the (110) regions where & greater total surface
of (111) pianes was exposed -tham-at-the (111}’ regions. After
the cryetal had been .etched for gt.least 3 Eéurs, the_..',.:..l :
(110) regiocns became rough and .the-.remainder Of the surface ta
relatively- smooth but the ultimate formation ‘of the drops

at these rough regions was not due to the roughness in 1lt-
self, for no preferpntial formation of drops' took place in

an atmosphere of hydrogen, It seems more reasonable that the
preferential formation of these dropshiras due to some selec-.
tive fitting of the stearic acid molecules 'into the copper
oxide lattice, Electron diffraction studies of the different
crystal faces ghould give.valuable: information on this sub-
Jeet. It was hoted that.stearic, nalmitvic, znd” myristic

acids exhibited preferred wettabilitw;hwhile the unsaturated
oleic a¢id did not. .Also stearidiscid-sflution in mineral
0il, up-to 50 peroent mineral oilt*shdwed preferred wetting.

o
n' ‘

- -
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The formation of an insoluble protective film on the
erystal was- the mdst 1nteresting feature of the tricresyl
phosphate etpériments. The formaftion of this coating ap-
peared not to.be preferential with plane but actually. it may
be. - The coating may first form as a "thin film on the more
active regzions, thereby tending to give the surface equal
'activity and appearance overall. At'low temperatures., below
200° .07, where:the desomposition of the trieresyl phosphats
does not take Pplace appreciably, this film even on ruebbing -
parts: might protect the surface from etching by acld constit-
uents, Experiments with mixtures of stearic acid and tri-
‘eresyl phosphate. indicated that the film reduced the etching
by ‘the Beid’ @nd produced a relatively smooth surface, The
smoothier surface showld distribute the load more evenly. At
- thé higher temperatures; on the other hand, where the decom-
position 6f the -tricresyl phosphate takes place, it is =a
striking fact that 'the etch pattern produced by .the tricresyl
phosphate 1s exactly the opposite 'of the pattern produced by
stedric- acid, The rough regions on one are the smooth. re-.
"‘gidns on the other as dan be seen ip figures 2 and 6. It
has been shown:'eleewhere that & combination of tricresyl -
phosphate ahd stearic acid in mineral oil "is especially ef-
‘fective in reducing wear. - It remaine undecided whether the
effectiive ‘action of :tricresyl phosphate in actual practice
‘igs produced by its Tilm-forming action at’ ldwer temperatures
or' by 'the etching action of high syots by decomposition pnoﬂ—
ucts at_high temperatures. Oxygen is necessary for either:
effect, Possibly the film may be rubbed off the high spote
where high temperature etching can take place to produce.:& "
smoother surface. It does not ‘seem that the theory of* phos~
phorus alloying with high spots on a metal surface to lower
its melting point, 1s reguired to explain from a .chexical . !
point of view the sction of .tricresyl phosphate in producing
a smooth surface gnd thereby weducing wear. (See reference
12.) Chenicdl leitiching by combination of the two.materials
will gzve a smooth surface. T v

‘The- fallure to understand completely the carbonization
results wes attribubted -to the complexity of the reactions
taking place simulktenéously and to failure to control accu-
rately th'e varliables :involved, espeaially the pressure of
“gxygen mnd the concentration and nature of the acid constit-
uents of the o0il, - The Sformation of deposits is dependent on
" erystal plane, pregsure of oxygen, and oil composition., The
removail of the ﬂbposits i{s dependend .on the nature and thick-
ness of ‘the deposit, the .etching abi¥lity of acids in the oil,
and in advanced stages .on ./the contraction of the deposit on
cooling‘: The etching ability of: vthe 'oil is dependent in

. s e )
- Pterst o " iR Do 2o '
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turn on pressure of oxygen and composition of 0il. Thus un-
intentional variations "in the" oxXygen supply, the oll composi-
tion., and temperature’ couldlproduce e wide variety of re-
sults, o : :

However, several definite conclusions may be drawni
1. Oxygzen is necessary in the formation of a lacquer,

2. & high oxygen concentration increases the rate of
lacquer formation and tremendously decreases the .
attack on the base metal. The decreased rate of
attack leads t0 a firmly adhering lacquer, stable
for long periods of time,

3. ChronOIOgically the attack on copper by used avia-
: tion 0il proceeds as follows: preferential forma-
tion of a colored lacquer, thickening of the lac~

" gquer, and preferential attack .on the base metal.

It is believed ‘tha't ‘additional information could be ob-
tained on the mechanism of lacquer formation by further
study with single crystals.

The electrolytic displacement of one metal by another in
0oils may be importent where the o0il circulates in contact
with several different metals. 4 harder metal, like copper,:.
depositing on a soft bearing metal. might cause increased -
wear, Galvanic cells also may be set up between different
metals, and although the action would ordinarily be very
slight dué to the poor conductivity . of oils, yet with thin
films and high temperatures obtained at elevated spots, .the
action may be appreciable.’

The study of scratches produced by one metal sliding on
another may well be studied by this method, The nature of
the material within the groove may be studied at various
depths below the surface .by électrolytic etching and examina-
tion with the microscope. An amorphouslike layer may be seen
on the surface followed by small grains which have been torn
away from the base crystal and rolled along., The depth of
the disturbance can be determined by the appearance of the
underlying single-crystal structure. This method for study-
ing abrasion has not been fully utilized in these studies.

. Lead was conspicuous in being greatly etched by most of
the oils studied., Its reactions were preferential with plane
only et the lower rates. The oxidation in alr was only

IS
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slightly preferential as shpovn on figure 2X%. . This should be
compared with the photograph of conner on frigures 1 to 8.

It is. intsresting that lead, vhich is so mseful as A bearing
material, should recrystalize under the least amount of
mechanlcal strain.

The difficulties of growing iron crystals have been dis-
cussed in.a special note under Results. The results so far
obtained on the chemical vproperties of iron surfaces should
te considered as preliminary. Oxidation in air was higkly
preferential with plane. The formation of etch pits over
the surfAace appears to be due to galvanic actlion which is
known»tb.pe important in the corrosion of iron. Since pure
iron 1s known to form passive films very rendily, oxidatlon
and asttack by acids should be studied in detail, It <hould
be emphasized that single crystals can te grown by present
methods only from relatively pure iron. Care should be ex-
ercised in using results with these crystals to interpret the
behavior of stesl. It is believad that studies with iron,
however, will give informsation of imvort=nce. The cracking
of.the surfres ITilm into smell gr-ins. due 5o0:the catalvtic
reaction of hydrogea and oxygen has be=n obtained only vith
iron. S v

L b .The unique provarty of zinec crystals weos $ke . kase ¥Fith
vbich shearing vag produced by meckanical strain. Slio:
vplanes seamed to be cuenters of incrsased activity. ' Zine was:
etched . avnreczablv b7y stearic sacid, AP SR A

L o
.

It igs intsresting that the gxidntion patterns:éith‘ L S
nickel were very similar to those od2tairned with copper,- ! !.
which crystrnllizes in the same system Pnd hag avvroxipately’:

the same atomic spacing. Lo e v SR
Univergity of Virginia, , - I . S
Charlottesville, Va., Octoder 25, 1ohk, -~ a2
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Firure 1,—Oxidation )attern on coppor
crystal hented in nfr at 200° for 30
minutes. Normal nt {100) pola,
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Elm 5.-~Etch 1mithern on copper orpatal
ated in meed trieresyl nhosphate in air
lllﬂ“)’ for 15 hours. Normal at {100}
Pole.

-lyw

Figure 2.~ Etch pattern on copper orysial
honted in stearie acld at 200“ in air for
24 hours.  Normal ot (100) nele.

= ——

Figure 6. - Profereniinl formation of dnge
of stvaric arid wL the (110) negions on A
conper eryeial heatud in aeld At 200° in
adr for 8 heurn, Drops had eolklificd
when vhotowrnph was taken.

_’1. ’;"'.‘ f. ‘a I . ;‘a.
SN RN
Y e DR

o ' :4
(111) resionn
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;1- " oys
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{110) regigan

Faure §, - Photomierograph of eapper erya-
tal etched by atearic acdd In nir ot 204"
for 24 bourn. Mapgnifiecetion 6.

Fhore 7.—Preferntiad formathm of ear-
hon depordts nt the (111) regions om a
copper erystul honted In ueed avipton oil
at 200 in alr for 18 hoor

Tigure 1, Photomiepogranh of nolyerys-
talline copper evishul hy stearlc acld in alr
for £4 bours. Mognifiention §00,

Fsurn % - Pbhotemicrogenph of carban de
posits o marface of polyeryeialliue eop-
et hwnted In used aviation ofl at 2064 in
air.  Mugnolfestion ano.
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: - a f Fignre 10, ~ At (111}, Note mrong specu- Figure 11,---At (100}, Mugnifiration 600,
I"Iml-emg.rmA'ﬁm(ulht?)(.u‘l);x:r lightsn woere Tar reflectlon from J-armed N
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Figure 18.—At (110}, Magnifledion 6uo, Flrura 14—-At (111). Mamnifieatlon GH), Figmri: 14, - Polyeryanlline  ecopyur.  Mag-

Ridpen . perpemitienlar to Une ntwerm nifieation GiK),
100

Figures 9 to 18 —Catalytle veaction of

JiyHiy
hydrogen and oxygen on a single erymtal
of eopper for 16 haurs at 40" G,
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Flguee 17.~Colov fitm formed by mincral FIGUwe 18, Aetion of indine in hexane on & Figore 18, Slip Knes formed by pin prick on 2 {110) plane of
ofl and nir on single erystal of alver, singla crystnl of nilver, Wide color . Mlver, Magnification 800,

Wide cular range, Narmel {o (100}, range. Normaal 1o (111),

-‘ . I

Flgure 20.—-8lip Mot formed by pin prick on nolyerystalline Figure 2], Air oxidation of a single erystu] of lend
sliver. Mammiflention 804, at 2k’ for 1¢ minutes. Normal to (100,
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